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Abstract
Over the years, some effort has been expended in the improvement of heat transfer per-
formance in tubular heat exchangers. This can be achieved by adding different types of
fins to the outer tube surface, effectively increasing convective heat transfer. However,
the addition of fins may lead to the generation of severe noise, caused by the coupling
between the vortex shedding frequency and one of the acoustic cross-modes of the duct
housing the finned tubes. This may reduce the service life of the heat exchangers, and
adversely affect the health of individuals working in the proximity of such noise. Since
the flow-acoustic phenomenon of finned tubes are not well understood, it can be danger-
ously unpredictable. Therefore in this thesis, the flow-sound interaction mechanism of a
single spirally finned cylinder in cross-flow will be investigated.
The results show that the crimped spirally finned cylinders create a larger flow block-
age, affecting the flow development in the near-wake. Therefore, a new equivalent diam-
eter equation is developed to better estimate the vortex shedding frequency in the wake
of the crimped spirally finned cylinders. Moreover, the results show that the addition of
spiral fins reduces the strength and flow coherence of the vortex shedding process, leading
to a decrease in the generated sound pressure during acoustic resonance excitation. It
has been further observed that the spirally finned cylinders exhibit a narrower lock-in
width as compared to the bare cylinders during resonance. This was due to the spiral fins
imposing an asymmetrical inclination in the acoustic particle velocity, which prevents the
vortex shedding process from properly locking into the enclosure’s acoustic modes.
In the final part of this study, a simple noise control technique is proposed to sup-
press the onset of acoustic resonance excitation. This was done by varying the fin spacing
along the spirally finned cylinder’s span. As a result, a remarkable attenuation in the
acoustic pressure was achieved during acoustic resonance excitation. This was found to
be a result of an interaction between the varying frequencies developed at the different
diameter regions along its span.
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1.1 Background and Motivation
Over the past century, the sound generation from vortex shedding over bluff bodies has
been the focus of numerous research studies. The vortex shedding caused by fluid cross-
flow over bluff bodies confined inside an enclosure can cause excitation of the enclosure’s
acoustic modes. This occurs if the flow excitation energy is adequately high enough to
overcome the losses due to acoustic damping [51]. The resonance caused by the coinci-
dence between the vortex shedding frequency and one of the enclosure’s acoustic modes
is initiated by a feedback mechanism between the vortex shedding process and an acous-
tic standing wave. During resonance, the vortex shedding acts as a sound source which
excites an acoustic standing wave, which then improves the vortex shedding process, cre-
ating the feeback mechanism [51]. This mechanism is the cause of flow-excited acoustic
resonance, a phenomenon that is a major design concern in many engineering applica-
tions [8, 59, 62, 88].
Many studies have been performed to understand the complex flow-sound interaction
mechanism in heat exchanger tube bundles. This was done by breaking up the complex
geometric configurations of the tube bundles into simplified cases such as single, side-by-
1
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side or tandem bare cylinders [4, 5, 10, 29, 42, 43, 47, 49, 50, 71, 88]. These investigation
have provided a better understanding of the complex flow-sound interaction mechanism
of bare cylinders arranged in various configurations. However, the complex flow-sound in-
teraction mechanism of spirally finned cylinders has rarely been investigated. Therefore,
the main objective of this thesis is to investigate the flow-sound interaction mechanism
of spirally finned cylinders exposed to a cross-flow.
1.2 Scope of Thesis
In order to fulfil the objective of this thesis, five spirally finned cylinders were tested,
with fin densities ranging between 2 - 7 fins per inch. Four of the spirally finned cylinders
were manufactured using an in-house machine. The in-house machine was specifically
designed for the purpose of producing spirally finned cylinders with different fin heights,
thickness and densities. In this thesis however, the parameter of interest was the fin
spacing. The other parameters were kept constant. The fifth spirally finned cylinder was
obtained from an actual heat exchanger. All the spirally finned cylinders investigated in
this study have fin parameters similar to what are used in the industry.
To investigate the flow-sound interaction mechanism of the spirally finned cylinders,
extensive experimental measurements were performed. The experimental measurements
were comprised of two parts: the first part investigated the near-wake flow characteris-
tics of the spirally finned cylinders whilst the second part investigated the aeroacoustic
response of the spirally finned cylinders. The flow measurements were performed in order
to understand how the near-wake flow characteristics influences the the generated sound
pressure during flow-excited acoustic resonance.
The second portion of this thesis is to develop a suppression technique in order to
suppress or at least minimize the generated acoustic pressure during flow-excited acous-
tic resonance. Different techniques are presented in the literature and used in the in-
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dustry to avoid the onset of flow-excited acoustic resonance. However, little has been
done to eliminate the root cause of flow-excited acoustic resonance; the vortex shedding
process. Investigations that effectively suppressed the vortex shedding process success-
fully suppressed the acoustic pressure generated during flow-excited acoustic resonance
[14, 60, 61, 70, 72, 87]. However, these investigations were limited to specific applications.
Moreover, some of these techniques can be quite expensive to implement and require a
certain degree of human input. Furthermore, techniques that have been implemented in
controlling the development of vortices in the case of finned cylinders are limited to a
range of Reynolds number [27]. Therefore, in this thesis a simple technique is proposed to
passively control the development of vortices in the wake of the spirally finned cylinders.
This is done by keeping the number of fins constant but arranging the fins in a non-
uniform pattern to create a spirally finned cylinder with a non-uniform fin density. The
same number of fins are maintained in order to sustain the heat transfer characteristics
of the finned cylinders.
1.3 Outline of Thesis
This thesis is divided into seven chapters. Chapter (1) describes a brief background about
previous work that has been performed related to the topic of this thesis. Chapter (1)
also states the motivation for the work performed in this thesis. Chapter (2) presents a
detailed literature review about the the vortex shedding process around bare cylinders
and different types of finned cylinders. This chapter also discusses the generation of
vortex shedding sound and the flow-excited acoustic resonance phenomenon. Chapter
(3) discusses the methodology used in the design of the experimental set-up. Chap-
ter (4) presents the results obtained from the flow field measurements in near-wake of a
bare cylinder and different spirally finned cylinders. Chapter (5) describes the results ob-
tained from the aeroacoustic response measurements. Chapter (6) presents a simple noise
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control technique to passively suppress the acoustic pressure during acoustic resonance
excitation. Finally, Chapter (7) summarizes the main conclusions of this thesis.
Chapter 2
Literature Review
2.1 Flow over a Single Circular Cylinder
2.1.1 Vortex Shedding
One of the most important flow features in the wake of a circular cylinder is the vor-
tex shedding process. The vortex shedding process is initiated due to a boundary layer
separation at both sides of the cylinder. The boundary layer formed along the cylinder
surface will separate as a result of an adverse pressure gradient. The detached boundary
layer from both sides of the cylinder form into two free shear layers. Each shear layer
exhibits a velocity gradient that will cause it to roll-up and propagate periodically with
the shear layer formed at the opposing side of the cylinder, forming two vortices. This
leads to the generation of the classical Von Kármán vortex street. Experimental flow
visualizations of the Von Kármán vortex street are shown in Figure 2.1.
The mechanism behind the formation of the alternating vortex shedding process
shown in Figure 2.1 can be interpreted from the early studies conducted by Gerrard
[23] and Perry et al. [63]. Gerrard [23] suggested that a forming vortex will grow suffi-
ciently strong and draw the opposing vortex from the opposite side of the cylinder across
the wake centerline. The drawn vortex will then cut off the supply of vorticity to the
5
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Figure 2.1: Flow visualizations of laminar and turbulent Von Kármán Vortex Street, [82]
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Figure 2.2: The vortex formation process, [63]
growing vortex. The cut off vortex will then become a free vortex, which will continue to
propagate downstream until it dissipates. The process is then repeated with the drawn
vortex creating the alternating vortex shedding process shown in Figure 2.1. Perry et
al. [63] describes this process using instantaneous streamline patterns depicted in Figure
2.2. As shown in Figure 2.2, the vortex “A” grows in strength from (a) to (d). In frame
(e), the saddle point “S” forms at the bottom point of the cylinder. At this point, the
vortex supply to vortex “A” is cut off and a new vortex is formed at the cylinder.
2.1.2 Flow Regimes
When a fluid flows past a stationary object, in this case a circular cylinder, the flow
around the cylinder becomes disturbed. This disturbance is characterized by variations
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Figure 2.3: Different regions of disturbed flow, [84]
in the local velocity which is dependent on its magnitude, direction and time [84]. Figure
2.3 shows the different regions of disturbed flow around a circular cylinder. As shown in
Figure 2.3, there are four main regions of disturbed flow. These regions as described by
Zdravkovich [84] are as follows:
(i) A narrow region of decelerated flow
(ii) Two boundary layers developed at both sides of the cylinder
(iii) Regions of displaced and accelerated flow
(iv) Regions between the two separated boundary layers: the wake
In the first region, (i), the velocity fluctuations are high, which has shown to increase the
local heat transfer [84]. In the second region, (ii), as mentioned in the first section, the
boundary layer developed at the cylinder surface will separate due to an adverse pressure
gradient. The separated boundary layer will develop into two free shear layers, which
borders the near wake [84]. The tertiary region (iii), is entrained by the flow pressure
in the wake and its extent is highly dependent on blockage ratio [84]. The blockage
ratio is defined as the cylinder’s frontal area to the cross-sectional area of the cylinder’s
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enclosure. The most important flow feature is the fourth region; the wake. In this region,
large flow structures are formed in the near-wake and eventually decay as they propagate
downstream. The formation and decay of these flow structures are dependent upon the
Reynolds number [84]. Shown in Figure 2.4, Lienhard [36] classified the different flow
structures observed in different flow regimes in the wake of a circular cylinder at different
Reynolds number. As described by Lienhard [36], these flow regimes are:
(A) 0 < Re < 5: Creeping flow. There is no boundary layer separation
(B) 5 ≤ Re < 40: A fixed pair of symmetric vortices called Föppl vortices form
(C) 40 ≤ Re < 150: A stable laminar vortex street is generated
(D) 150 ≤ Re < 300: The vortex shedding process transitions to turbulence in the wake
(E) 300 ≤ Re < 3.0× 105: This region is termed the pre-critical or sub-critical region
[56]. In this region the vortex shedding process becomes fully turbulent in the wake
(F) 3.0× 105 ≤ Re < 3.5× 106: This region is labelled as the para-critical or super-
critical region as the flow exceeds the critical Reynolds number of Re = 3.0× 105
[56]. In this flow regime, the boundary layer separation becomes fully turbulent.
Moreover, the wake becomes narrower and the vortex shedding process becomes
disorganized
(G) Re ≥ 3.5× 106: In this flow regime, strong periodicity in the vortex shedding process
is re-established [56]
2.1.3 Vortex Shedding Frequency
In 1878, Strouhal investigated the Aeolian tone generated from a circular cylinder using a
hand-driven whirler. Through Strouhal’s investigations, it was found that the frequency
of the Aeolian tone was proportional to the flow velocity and inversely proportional to
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Figure 2.4: Flow regimes over a circular cylinder, [36]
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the cylinder diameter. Moreover, Strouhal found that the cylinder’s material, length,
and tension was independent of the Aeolian tone [84]. It was later found that the source
of the Aeolian tone generated from the circular cylinder was due to the vortex shedding
process [56]. Eventually, the flow velocity, the cylinder diameter, and the vortex shedding
frequency was related to a dimensionless number, which later became known as the
Strouhal number [84]. The Strouhal number is a dimensionless frequency which represents
the ratio of the inertial forces caused by the vortices to the inertial force caused by the





where fv represents the vortex shedding frequency, D represents the cylinder diameter,
and U represents the flow velocity. The Strouhal number is an important dimensionless
number that is used to characterize the oscillatory flow around a bluff body. As shown in
Figure 2.5, the Strouhal number is dependent upon the Reynolds number up until about
a Reynolds number of Re ≈ 300. Between Reynolds number of 300 ≤ Re < 3.0× 105,
when the vortex street is fully turbulent, the Strouhal number remains constant at a
value around St ≈ 0.2. Furthermore, before the critical regime (Re = 3.0× 105) the
surface roughness is shown to have little effect on the Strouhal number. However, after
the critical flow regime, the Strouhal number is shown to be highly dependent upon the
surface roughness up until the end of the sub-critical flow regime (Re ≈ 3.5× 106).
2.1.4 Three-dimensional Vortex Structures in the Near-Wake
The transition to a three-dimensional flow structure in the wake of a circular cylinder
occurs during the transition flow regime between Reynolds number of 180 < Re < 260
[82]. In this regime there are two distinct vortex shedding modes. These vortex shedding
modes are known as Mode A and Mode B vortices. Above Reynolds number of Re ≈ 180,
there is an intermittent change in the vortex formation in the wake. The Von Kármán
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Figure 2.5: Strouhal versus Reynolds number relationship for a circular cylinder, [36]
Figure 2.6: Strouhal number versus Reynolds number over the laminar and transition
regime, [82]
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vortex street becomes unstable, initiating the generation of Mode A vortices. Mode A
vortices are large-scale vortex loops that almost appear as “fingers” with spanwise length
scales between three to four diameter [82, 85]. Further increase in the Reynolds number,
between Reynolds number of 230 < Re < 260, the Mode A vortices transition to Mode
B vortices. Mode B vortices are the inception in the formation of small-scale streamwise
vortices that have a spanwise length scale of around one diameter [38, 82]. Within the
transitional region however, the Mode A vortices do not completely convert to Mode B
vortices. During the transitional process, the Mode A and Mode B vortices alternate in
time [82]. This can actually be seen in the Strouhal number versus Reynolds number plot
shown in Figure 2.6. It is clear from Figure 2.6 that the transition from laminar vortex
shedding structure to a three-dimensional vortex shedding structure is associated with a
sudden change in the vortex shedding frequency. This sudden change is characterized by
the conversion from oblique vortex shedding process to Mode A vortices. However, within
Reynolds number of 230 < Re < 260, the vortex shedding process alternates from Mode
A to Mode B vortices. The intermittent change between Mode A to Mode B vortices
within this Reynolds number range is associated with a gradual energy transfer between
Mode A to Mode B vortices [82]. The complete transition to Mode B vortices occur at
Re > 260. Figure 2.7 depicts the different three-dimensional vortex shedding modes.
The transition from laminar to turbulent flow regimes, was associated with low fre-
quency irregularities in the velocity fluctuations and considerable increase in the overall
fluctuating energy in the wake [81]. Williamson [81] found that the cause for the low
frequency irregularities was due to the formation of vortex dislocations in the near-wake.
Vortex dislocations are generated between two or more spanwise vortex cells with slightly
varying vortex shedding frequencies. This causes the primary, Von Kármán vortices in
each spanwise vortex cell to move out of phase with each other [81]. When this occurs,
the vortex dislocations rapidly grow in the spanwise direction into large-scale spot-like
structures as they propagate downstream[81]. Williamson [81] states that the appearance
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Figure 2.7: Image of different three-dimensional vortex shedding modes (a) Mode A
vortices at Re = 180 (b) Mode B vortices at Re = 230, [82]
of these large-scale vortex dislocations are a fundamental aspect to the three-dimensional
transition in the cylinder’s wake. Figure 2.8 shows the occurrence of a vortex dislocation
during the transition process from laminar to turbulent flow regime.
At higher Reynolds number, above Re ≈ 350, the instability of the free shear layer is
initiated [24]. The instability in the free shear layer are called transition waves because
of the transitional process in the shear layer from laminar to turbulent [24]. Kelvin-
Helmoltz vortices is another term commonly used to describe the flow instabilities in the
free shear layer instead of transition waves [38]. During the initiation of transition waves
in the free shear layer, they appear as filament lines springing from the separation points
[24]. Shown in Figure 2.9, as the Reynolds number increases, the transition waves begin
to hinder the development of the Von Kármán vortices. The reason for this is because
the wide free shear layer separation in the transverse direction during the transitional
process, prevents the interaction between the free shear layers developed at opposing
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Figure 2.8: The natural formation of vortex dislocations in the wake of a circular cylinder
during the transition process from laminar to turbulent flow as shown by the dashed
circular ring, [81]
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sides of the cylinder [24]. This delays the formation of the primary, Von Kármán vortices
until further downstream. As stated in Section 2.1, the interaction between the two free
shear layers is essential to the development of the Von Kármán vortex street. At higher
Reynolds number, the transition waves becomes strong enough to roll up and re-establish
the vortex shedding process, closer towards the cylinder centerline. This could be seen
in Figure 2.1 for the case of Re = 4.0× 103. Williamson [82] presents a summary of the
different three-dimensional vortex shedding structures found in the wake of a circular
cylinder which are shown in Figure 2.10.
2.1.5 Quantitative Characterization of Vortex Dynamics
A number of techniques have been proposed in the literature to quantify the development
and strength of vortices in the wake of bluff bodies. These techniques include but are not
limited to measuring the fluctuating lift and drag forces [58, 80], mean and fluctuating
velocity in the wake [12], estimating the length and widths of the vortex formation region
[11, 56, 57], mean and fluctuating pressure coefficients [58, 79], as well as measuring the
spanwise flow coherence [20, 58, 75]. These studies have provided extensive information
on how the vortex dynamics in different flow regimes influences the above measurements.
Some of the measurement techniques will be highlighted in this section.
Lin et al. [38] investigated the influence of the base pressure coefficient (Cbp) (i.e. the
pressure coefficient 180◦ away from the stagnation point) on the vortex formation region
within 1.0× 103 ≤ Re ≤ 1.0× 104, whilst incorporating flow visualizations. They found
increase in the base suction pressure (−Cbp) resulted in a shorter vortex formation length
as shown in Figure 2.11. There are some conflicting opinion regarding the definition of
the vortex formation length. Lin et al. [38] defines the vortex formation length as the
onset of a fully developed spiral at the center of a vortex. Williamson [82] defines it as the
point where the peak turbulence intensity is measured along the wake centerline, whereas
Bloor and Gerrard [12] defines the peak as the point measured at the end of the vortex
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Figure 2.9: Transition waves at (a) Re = 682 (b) Re = 1083 (c) Re = 1968, [24]
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Figure 2.10: Different large scale and small scale vortex shedding structures found in the
wake of a circular cylinder, [82]
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Figure 2.11: Phase-averaged vorticity contours at different Reynolds number as well as
pressure coefficient measurements at the cylinder base, [38]
formation region. In pursuit of better quantifying the vortex formation length, Norberg
[57] measured only the streamwise component contributing to the overall velocity and
velocity fluctuations along the wake centerline between 1.5× 103 ≤ Re ≤ 1.0× 104 using
laser doppler velocimetry (LDV). The results obtained by Norberg [57] are shown in Fig-
ure 2.12. As shown in Figure 2.12(a), the velocity closest to the cylinder base is negative.
This is associated with a region of reveresed flow, which is known as the recirculation
zone. Increasing Reynolds number has shown to cause a consistent decrease in the re-
circulation region. Moreover, as shown in Figure 2.12(b), as the the Reynolds number
increases, the peak RMS velocity fluctuations are higher and occur closer towards the
cylinder’s base. Furthermore, the peak RMS velocity fluctuations appear to occur at the
point where the streamwise velocity component is zero along the wake centerline, which
is just outside the recirculation zone. Therefore, it could be concluded that the definition
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Figure 2.12: Results from measurements along wake centerline (a) mean streamwise
velocity (b) RMS streamwise velocity fluctuations, [57]
of the vortex formation length is the point where the streamwise velocity is zero, and
where the RMS streamwise velocity fluctuations are maximum along the wake centerline.
Norberg [57] summarized the vortex formation length obtained from various literatures
in a vortex formation length (lf ) versus Reynolds number plot, shown in Figure 2.13.
The solid black line shown in Figure 2.13 is the vortex formation length obtained from
the base suction pressure measurements. This was done by dividing a constant known
as the C-Value by the base suction pressure [57]. The C-Value is 1.8 and 1.6 for Re <
7.5× 103 and Re ≥ 7.5× 103, respectively [57]. Dividing the C-Value by the base suction
pressure has shown to provide a better insight on how the suction pressure in the base
affects the vortex formation length and vice versa. From this, it is clear that the base
suction pressure is inversely proportional to the vortex formation length. The results of
Norberg [57] is consistent to what was measured and shown by Lin et al. [38].
Bloor and Gerrard [12] measured the strength of vortices in the wake of a circular
cylinder by measuring the velocity fluctuations in the wake and extracting the inten-
sity of the velocity fluctuations at the vortex shedding frequency. These measurements
were performed by utilizing a single hot-wire probe and measuring the velocity fluctua-
tions at several transverse and downstream distances. This was done to investigate the
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Figure 2.13: Vortex formation length measured from various literatures, [57]
development and decay of the vortices. These results are shown in Figure 2.14. The
measurements were performed at Re = 2.0× 103 and Re = 1.6× 104 and normalized by
the mean stream velocity. The downstream distance was normalized by the cylinder di-
ameter. As shown in Figure 2.14, the peak corresponds to the point where the vortex hits
the hot-wire probe. This point occurs just below the wake edge. It can also be seen from
Figure 2.14 that the position of the vortex shedding peak is shifted further away from
the wake centerline at further downstream distances. This is a result of wake expansion
as the vortices propagate downstream. Moreover, at further downstream distances, the
strength in the measured velocity fluctuations reduces.
Another method commonly used to quantify the strength of the vortex shedding
process is by measuring the fluctuating forces acting upon the cylinder. These forces can
be measured in terms of fluctuating pressure, lift or drag forces. This is because these
fluctuating forces are dependent upon the vortex shedding phenomenon [58]. The fluctu-
ating lift is generated by the fluctuating pressures acting upon the upper and lower side
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Figure 2.14: Transverse distribution of the turbulence intensity extracted at the vor-
tex shedding frequency, performed at different Reynolds number and measured at two
downstream distances (a) X/D = 6 (b) X/D = 10, [12]
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of the cylinder as a result of the vortex shedding process. Due to the alternating nature
of the vortex shedding process, the fluctuating pressures acting upon the upper and lower
side of the cylinder are out-of-phase. As a result of this, the fluctuating lift energy is
concentrated at the vortex shedding frequency [58]. In the case of the fluctuating drag,
the amplitudes are significantly smaller than that of the fluctuating lift. The fluctuating
drag component is generated as a result of the fluctuating pressures acting upon the rear
side of the cylinder, that are in-phase with the fluctuating pressure acting upon the up-
per and lower side of the cylinder [58]. As a result of this, the fluctuating drag energy is
concentrated at twice the vortex shedding frequency. The fluctuating lift coefficient (Cl′)
measured on a small segment of the cylinder with respect to Reynolds number, complied
from different literatures are shown in Figure 2.15. It can be seen from Figure 2.15,
that there is some scatter in the measured data. The scatter in the data is attributed
to cylinders being measured in different test sections, with different aspect ratios and
end conditions. Nevertheless, a trend can be seen. Comparing Figures 2.13 and 2.15,
it can be seen that the fluctuating lift coefficient is inversely proportional to the vortex
formation length. This is because an elongated vortex formation length results in weaker
fluctuating forces acting upon the cylinder. It can further be seen from Figure 2.15 that
a peak in the fluctuating lift coefficient is attained at Re ≈ 200. The decrease in the
fluctuating lift coefficient after this point is attributed to the three-dimensional transition
in the vortex shedding process. This is as a result of transition into the turbulent flow
regime. Within the transitional and turbulent flow regime, the vortices do not develop
in phase along the span of the cylinder (as it does in the laminar flow regime) [58]. As
a result of this, the fluctuating lift forces acting upon the cylinder surface becomes de-
pendent upon the three-dimensionality of the vortex shedding structure developing along
the cylinder span.
Spanwise cross-correlation measurements are performed to measure the flow coher-
ence along the cylinder’s span. This is done by correlating two fluctuating quantities,
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Figure 2.15: Fluctuating RMS lift coefficient versus Reynolds Number, [58]
separated by an arbitrary spanwise spacing (Z). These fluctuating quantities can either
be fluctuating pressures, velocities and fluctuating lift or drag forces [20, 80]. To cor-








where A′ and B′ are the fluctuating quantities measured at two varying positions, sep-
arated by a spanwise distance (Z) [20]. A high spanwise correlation coefficient value
indicates a well-organized spanwise vortex shedding structure. This is attributed to vor-
tices emerging from the cylinder surface at different spanwise distances with the same
temporal-spatial point. A well-organized spanwise vortex shedding structure is essential
in developing a coherent streamwise vortex shedding process. The spanwise correlation
coefficient measured at various spanwise distances are shown in Figure 2.16. The span-
wise correlation measurements shown in Figure 2.16 were performed by correlating the
velocity fluctuations measured between two hot-wire probes in the near-wake of a cir-
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cular cylinder. As shown in Figure 2.16, the correlation coefficient measured between
two hot-wire probes separated by a small distance is high. As the distance between
the probes increases, the correlation coefficient decays exponentially. The rate at which
the spanwise correlation coefficient decays, governs the coherence of the spanwise vor-
tex structure. Eventually, at sufficiently large probe distances, the spanwise correlation
coefficient vanishes i.e. Ruu(Z →∞) = 0. A measure of quantifying the spanwise coher-
ence measurements is by calculating what is known as the correlation length [74]. The
correlation length (λ) is the characteristic length associated with the average size of the
vortex cell being shed from the cylinder [20]. This is essentially represented as the area






Norberg [58] complied the correlation length calculated from various literatures at differ-
ent Reynolds number. This is shown in Figure 2.17. As shown in Figure 2.17, there is a
downward trend in the correlation length with increases in the Reynolds number. This
is due to an increase in the turbulence levels with increases in the Reynolds number [80].
The reason for this is because higher turbulence levels are attributed to a more chaotic
vortex shedding process.
As previously mentioned, numerous techniques have been presented in the literature
to measure the spanwise flow coherence by correlating different fluctuating quantities.
When measuring close to the cylinder, the variations measured in the spanwise corre-
lation between different techniques are quite small [58, 80]. However, to capture the
progressive evolution of the spanwise vortex shedding structure at various downstream
distance, the two hot-wire probe techniques must be used. Knowledge of the spanwise
flow coherence has great significance in characterizing and understanding the sound gen-
erated from vortex shedding [58].
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Figure 2.16: Spanwise correlation coefficient versus spanwise separation measured at (a)
downstream distance of X/D = 2.5 and transverse position of Y/D = 1.2 (b) downstream
distance of X/D = 0.4 and transverse position Y/D = 0.9, at different Reynolds number,
[58]
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Figure 2.17: Normalized spanwise correlation length versus Reynolds number complied
from different literatures, [58]
Chapter 2. Literature Review 28
2.2 Flow over a Single Finned Cylinder
Finned tubes are extensively used in the industry to increase the efficiency and perfor-
mance of tubular heat exchangers. The fins on the finned tubes increase the exposed
surface area to flow, thus increasing convective heat transfer. However, finned tubes may
adversely affect the flow characteristics around the tubes, making it more susceptible
to flow-excited acoustic resonance [55]. Moreover, due to the fact that the flow-sound
interaction mechanism of finned cylinders have rarely been investigated, the flow-excited
acoustic resonance phenomenon occurring in finned tube heat exchangers is still not
understood and can therefore be dangerously unpredictable.
2.2.1 Vortex Shedding Frequency
One of the earliest investigations studying the flow characteristics around finned cylinders
was made by Brevoort and Rollin [13]. In their investigation they studied the effect of
annular (straight) finned cylinders on the flow behaviour. They found that the flow
behaviour around the straight finned cylinders is affected largely by the fin spacing than
it is by the fin thickness. Chen [15] showed when fins are installed on the outer diameter
of a circular tube, the vortex shedding frequency changes and becomes dependent upon
the spacing ratio of the fins. Mair et al. [40] confirmed this in their study as shown in
Figure 2.18, and therefore developed an effective diameter equation to better predict the
vortex shedding frequency emitting from finned tubes. The effective diameter equation
was developed by taking into account the added flow blockage caused by the addition of
fins. They showed that the vortex shedding frequency can be predicted reasonably well
by utilizing their effective diameter equation. This can be seen in Figure 2.19, where
utilizing the effective diameter equation, significantly reduces the scatter in the Strouhal




[(p− t)Dr +Df t] (2.4)
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Figure 2.18: Strouhal number based off the finned tubes root diameter versus spacing
ratio D/c for finned tubes, [40]
Figure 2.19: Strouhal number based on the finned tubes effective diameter versus spacing
ratio of finned tubes, [40]
where p represents the fin pitch (in the figure c represents the pitch) which is the sum of
the fin spacing s and fin thickness t, Dr represents the root diameter, and Df represents
the fin diameter. The accuracy of the effective diameter equation has been verified and
has since been used to predict the vortex shedding frequency of finned tubes in subsequent
studies [3, 19, 86].
Recently, McClure and Yarusevych [41] developed a new effective diameter equation
that accounts for the added flow blockage due to the boundary layer growth along the
fins. This was taken into account by approximating the boundary layer development
along the fin by using the Blasius flate plate boundary layer solution. They showed
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by taking into account the boundary layer growth along the fins, their new effective
diameter equation (Deff∗) better collapses the scatter in the Strouhal data compared
to the effective diameter (Deff ) proposed by Mair et al. [40]. The modified effective
diameter (Deff∗) equation proposed by McClure and Yarusevych [41] is as follows:










, for p− t > 2δ0.5π
(2.5)

















, for p− t > 2δ0.5π
(2.6)
Deff∗ = Df , for p− t < 2δ0.5π
(2.7)
where δ∗0.5π is the Blasius flate plate boundary layer thickness along one fin. In cases
where the fin spacing (p− t) is less than the sum of the boundary layer thickness devel-
oped along adjacent fins, the modified effective diameter is set to equal the fin diameter.
McClure and Yarusevych [41] state when the boundary layer thickness developed along
adjacent fins combined is larger than the fin spacing, the boundary layers will coalesce.
Due to this coalescence, the flow passage between the fins would be blocked, thus causing
the flow to be redirected around the outer fin diameter. Hamakawa et al. [25] also sug-
gested the same thing for spirally finned cylinders, however for spirally finned cylinders
with a p/Dr ≤ 0.16 and exposed to 7.6× 104 < ReDeff < 1.9× 105.
Other equations have also been developed and utilized to predict the vortex shedding
frequency emitting from finned cylinders. For instance, Hirota et al. [32] developed and
purposed the volumetric diameter (Dv) which they found better predicted the vortex
shedding frequency in the wake of their spirally finned tubes. Unlike the effective di-
ameter, the volumetric diameter represents a bare cylinder diameter that exhibits the
same volume as its corresponding finned cylinder. The volumetric diameter equation
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Figure 2.20: Pressure drop versus Mach number for finned cylinder and its corresponding
equivalent diameter bare cylinder, [3]







In a separate study, it was found that the difference between the effective diameter and
the volumetric diameter was between 4-6% [39].
For finned cylinders with serrated fins with low pitch-to-root diameter aspect ratios
(0.079 < p/Dr < 0.17). Ryu et al. [68] suggested the use of the hydraulic diameter (Dh)
to predict the vortex shedding frequency. The hydraulic diameter proposed by Ryu et
al. [68] is as follows,






where h = (Df −Dr)/2 which represents the fin height.
The purpose of the different equivalent diameter equations developed by different
studies are to aid in the development and design of heat exchangers. By utilizing the
correct equivalent diameter equation, the vortex shedding frequency emitting from the
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Figure 2.21: Amplitude of velocity fluctuations (turbulence intensity),u′, extracted at
the vortex shedding frequency (fv), X/Deff = 2.5, •, bare tube; , finned tube 1; 4,
finned tube 2; x, finned tube 3 , Re = 2.6× 104, [86]
finned cylinders can be accurately predicted. Therefore, heat exchangers can be designed
to avoid coincidence between the vortex shedding frequency and one of the acoustic
natural frequencies during operation. Moreover, as shown in Figure 2.20, utilizing the
correct equivalent diameter takes into account the additional pressure drop caused by
the addition of fins. This knowledge will allow it to be taken into account during the
design phase of the heat exchangers.
2.2.2 Vortex Shedding Strength
Ziada et al. [86] investigated the effect of finned cylinders with serrated fins on the
downstream vortex shedding process. As shown in Figure 2.21, they found that the fins
enhanced the streamwise vortex shedding strength compared to their equivalent diam-
eter bare cylinders. Moreover, they found that the serrated finned cylinders improved
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the spanwise flow structure as they showed by the increase in the spanwise correlation
length compared to the bare cylinder. However, Ziada et al. [86] also found that the
vortex shedding process in the wake of the serrated finned cylinders was dependent upon
its orientation with respect to flow. This was attributed to the fins arrangement in a
wavy-like pattern which changed in shape and axial position as the fins were rotated. The
spanwise flow coherence of the serrated finned cylinders at different angular orientations
are shown in Figure 2.22. Hamakawa et al. [26] investigated the flow characteristics in
the wake of both the serrated and solid (no serration) finned cylinders. They found that
both the serrated finned cylinders and solid finned cylinders both enhanced the spanwise
flow coherence compared to that of a bare cylinder. Moreover, Hamakawa et al. [26] also
found that the spanwise flow coherence improves with increase in the finned cylinders
fin density. However, a subsequent study performed by Hamakawa et al. [28] found that
the spanwise flow coherence in the wake of the serrated finned cylinders decreases with
increases in the fin density. Furthermore, both Ryu et al. [68] and Hamakawa et al.
[28] found that the addition of serrated fins elongate the vortex formation length. This
can be seen from Figure 2.23 where increases in the fin density led to an enlargement
in the vortex formation region, which agreed with the water tunnel flow visualizations
performed by Ryu et al. [68] for serrated finned cylinders.
Khashehchi et al. [34] and McClure and yarusevych [41] investigated the flow charac-
teristics in the wake of straight finned cylinders and bare cylinders using Particle Image
Velocimetry (PIV) measurements in a water tunnel. Khashehchi et al. [34] found no
change in the vortex shedding structure compared to the bare cylinder, whereas McClure
and Yarusevych [41] found in some cases that the straight finned cylinders enhances the
vortex shedding process, whereas in other cases the straight finned cylinders disrupted
it. Similarities in the flow characteristics measured in the wake of the serrated finned
cylinder from Hamakawa et al. [28] study and the straight finned cylinder in McClure
and Yarusevych [41] study were observed for finned cylinders with pitch-to-root diameter
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Figure 2.22: Correlation coefficient along the span of all tubes at X/Deff = 2.5 at Re =
2.6× 104. The results of the finned tubes are given for several angular positions, [86]
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ratio of p/Dr = 0.11. This can be seen from Figure 2.23 and Figure 2.24, for the case
of the serrated and straight finned cylinders, respectively. This suggests that the flow
behaviour is nearly the same at high fin densities, regardless of finned cylinder type.
However, there is one major draw back from the study conducted by Hamakawa et al.
[28] and McClure and Yarusevych [41]. In their study, the finned cylinders were not
compared at the same Reynolds number. As shown in the figures presented in Section
2.1 and delineated in many studies [23, 56, 82, 84], the flow features around cylinders
are highly dependent on the Reynolds number. Thus, comparing the effect of fin pa-
rameters at different Reynolds numbers would be unfair and therefore a solid conclusion
cannot be drawn. Eid and Ziada [19] invesitgated the flow-sound interaction mechanism
of straight finned cylinders with low length-to-diameter aspect ratio (L/Deff < 5). The
flow measurements performed by Eid and Ziada [19] are shown in Figure 2.25. From
their flow measurements they found that the straight finned cylinders exhibited a larger
velocity deficit (shown in Figure 2.25(a)) and weaker turbulence intensity (u′/Umean -
shown in Figure 2.25(b)) compared to its effective diameter bare cylinder. Though the
magnitude of the peak turbulence intensity are nearly the same, the velocity fluctuations,
and therefore the turbulence intensity, measured in the wake of the finned cylinder are
much lower than the bare cylinder. They also found that the vortex shedding strength in
the wake of the finned cylinders to be weaker than the strength of the vortices measured
in the wake of a bare cylinder, as shown in Figure 2.25(c). The findings of Khashehchi
et al. [34], McClure and Yarusevych [41], and Eid and Ziada [19] contradict the findings
of Mair et al. [40]. Though not shown in Mair et al. [40] paper, they stated that the
addition of fins enhanced the vortex shedding process, as it concentrated the turbulent
energy more at the vortex shedding frequency. Mair et al. [40] related this to increasing
two-dimensionality of the flow.
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Figure 2.23: Contour maps and vortex formation length of the velocity fluctuations (u′)
normalized by mean flow velocity (U∞) (U∞=50.0 Re=1.1× 105-1.9× 105), (a) p/Deff
= 0.80 (b) p/Deff = 0.27 (c) p/Deff = 0.16 (d) p/Deff = 0.11 (e) Profiles of streamwise
turbulence intensity at umax
′ point in transverse (Y ) direction, [28]
Chapter 2. Literature Review 37
Figure 2.24: Instantaneous planar (X−Y ) vorticity fields taken at Z/c = 0.50, (c) Vortex
formation length taken along the wake centerline at different spanwise (Z) positions,
c/D =∞ and c/D = T/D are bare cylinders with different diameters, Re = 1.0× 103 -
2.0× 103, [41]
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Figure 2.25: Wake flow characteristics for a single finned cylinder compared to its effec-
tive diameter bare cylinder (a) Mean velocity profiles; (b) Overall turbulence intensity
(c) Turbulence intensity at the vortex shedding frequency. Measurement performed at
X/Deff = 2.5, ReDeff = 3.7× 104; ◦, Finned cylinder; , Bare cylinder, [19]
Figure 2.26: Directivity pattern of the dipole sound field, reproduced from [21]
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2.3 Sound Generated by Vortex Shedding
When a bluff body such as a circular cylinder or finned cylinder is exposed to cross-flow,
the vortex shedding process produces sound. The sound generated from vortex shedding
is called Aeolian tone. The sound radiated from the Aeolian tone is a quadrupole sound
field. However, the sound field can be reasonably approximated as a dipole sound field,
dominated in the direction perpendicular to the flow direction [18]. The reason for this
is because the unsteady forces acting upon the cylinder are dominated in the fluctuating
lift direction [64]. Figure 2.26 shows a schematic of the directivity patterns of the sound
field as a result of fluctuating lift and drag.
Over the years, many investigations have been performed to predict the intensity of
aerodynamic sound radiated as a result of turbulent flow. Lighthill [37] initiated the study
of aerodynamic sound by finding a mathematical relationship describing the connection
between the kinetic energy of fluctuating shearing motions and how it translates to
acoustic energy of fluctuating longitudinal motions. Lighthill [37] came up with exact
equations to describe the propagation of sound by quadrupoles in a uniform medium at
rest due to externally applied fluctuating stresses. These equations are as follows:
∂2ρ
∂t2
− c2∇2ρ = ∂
2Tij
∂xi∂xj
Tij = ρvivj + ρij − c2ρδij
(2.10)
where ρ is the instantaneous fluid density, pij is the compressive stress tensor, c is the
speed of sound in a fluid, and vi is the velocity component in the direction xi [37].
In Lighthill’s [37] equations, the effect of sound convection by turbulent flow, or the
variations of the speed of sound within the fluid medium, are taken into account by
incorporating it as equivalent applied stresses. Lighthill [37], however, disregarded the
effect of reflection, diffraction, and absorption by solid boundaries. These parameters
will play an important role in the sound generation of certain cases, such as the sound
generation produced by the fluctuating lift on a rigid circular cylinder in a uniform flow
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[18]. Therefore, Lighthill’s general theory of aerodynamic sound is only applicable in
cases of unbounded flow and in cases where the sound is radiated into free space.
An extension to Lighthill’s general theory of aerodynamic sound was made by Curle
[18] by incorportating the influence of solid boundaries on the sound field. Curle [18]
found with the inclusion of solid boundaries, the sound will be reflected and diffracted
off the boundaries. Therefore, the quadrupoles sound distribution will no longer be
evenly distributed over the whole space, but instead, as dipoles at the boundaries [18].
Curle [18] showed that the generated sound pressure radiated from a solid surface with a
characteristic length much smaller than the acoustic wave length, exposed to a fluctuating








∂Fi(tm − xc )
∂tm
(2.11)
where tm is time. The variable x denotes a sufficiently large sound observation point from
the sound source, where x is much larger than the acoustic wave length. If the vortex
sound can be described by the above equation and the sound pressure is observed in the
transverse direction, perpendicular to the mean flow ( xi
x2
), then only the fluctuating lift





where Cl(tm) is the time varying fluctuating lift coefficient, D is the cylinder diameter
and L is the characteristic length of the solid boundary. If the fluctuating lift force is




where ω is the angular vortex shedding frequency. The time derivative of the fluctuating
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If the above equation is substituted into Curle’s sound pressure equation, than the RMS






where Cl′ is the RMS fluctuating lift coefficient and U0 in this case is the mean stream
velocity. The above equation is only valid for cases where the fluctuating lift force is
constant along the span of the cylinder. This assumption is valid in the laminar flow
regime, where the Re < 150. At higher Reynolds number, as discussed in Section 2.1.5,
the vortices and hence, the fluctuating lift force, do not develop in phase along the span of
the cylinder. To take this into account, Phillips [64] introduced the spanwise correlation






The equations presented thus far have focused on the sound radiated due to a fluc-
tuating force. However, the sound radiated from the motion of the vortices themselves
has been ignored. Powell [66], closed this gap by showing the connection between the
vortex formation process and the sound generation. Howe [33] extended this by showing
the energy transfer between the vortical flow field and the sound field in Howe’s the-
ory of aerodynamic sound. Howe [33], showed that the rate at which acoustic energy is
generated or absorbed by the vortical flow field, Π, is represented by,
Π = −ρ
∫
~ω · (~u× ~v)d∀ (2.17)
where ~u is the velocity vector, ~v is the acoustic particle velocity vector, and ~ω is the
vorticity vector, which is represented by ~ω = curl(~u) [33]. The above equation gives
the instantaneous rate of acoustic energy generation or absorption. To acquire the net
resultant energy transfer between the vortical flow field and the sound field, Π should
be averaged over a complete vortex shedding cycle. Mohany and Ziada [48] utilized
Howe’s theory of aerodynamic sound to investigate the flow-sound interaction mechanism
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Figure 2.27: (a) Voricity contours (b) Instantaneous acoustic power correponding to the
vorticity contour, [48]
Figure 2.28: Total energy transfer per cycle at different downstream locations, [48]
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of a single and two tandem circular cylinder exposed to cross-flow in a duct. Figure
2.27(a) shows a contour plot of the vorticity field downstream of a circular cylinder and
Figure 2.27(b) shows the corresponding instantaneous acoustic power. The red and blue
contour represent the positive energy (acoustic source) and negative energy (acoustic
sink), respectively. As shown in Figure 2.27, the strength of the acoustic source or sink is
dependent upon the vortex shedding strength. This is further illustrated in Figure 2.28,
where the total energy transfer just downstream of the cylinder is positive and larger
than that occuring at any point downstream of the cylinder. This indicates a strong
acoustic source, resulting in a net positive energy transfer from the vortical flow field to
the sound field [48].
Other studies have also applied Howe’s theory of aerodynamic sound such as the
sound generation from side-by-side cylinders in a duct [43] and the sound generation from
a long, rectangular plate in a duct [77]. Both of these studies have shown that applying
Howe’s theory of aerodynamic sound can reasonably predict the generated sound and its
distribution within a flow field.
2.4 Flow-Excited Acoustic Resonance
As mentioned in the previous section, the formation of vortices produces sound at the
vortex shedding frequency. However, the intensity of the sound generated from the vortex
shedding process alone is quite low. The issue arises when the vortex shedding frequency
coincides with an acoustic natural frequency. This can lead to a substantial increase
in the sound intensity, resulting in severe noise. For an example, in the case of a duct
containing a bluff body exposed to cross-flow, in the wake of the bluff body vortices
are produced and oscillate at the vortex shedding frequency. When the vortex shedding
frequency coincides with one of the duct’s acoustic natural frequencies, and the flow has
sufficient energy to overcome the losses due to acoustic damping, a phenomenon known
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as flow-excited acoustic resonance is generated [51]. During flow-excited acoustic reso-
nance, an acoustic standing wave materializes and synchronizes with the vortex shedding
process, initiating what is known as the lock-in phenomenon. During lock-in, the acoustic
pressure significantly increases due to a feedback mechanism between the vortex shedding
sound and the acoustic standing wave. As a result of this, severe noise is generated.
The onset of flow-excited acoustic resonance is a major design concern in many engi-
neering applications. For instance, sound levels reaching up to 173 dB have been reported
to occur during flow-excited acoustic resonance in industrial heat exchangers [8]. Such
noise levels are sufficient in damaging the surrounding equipment as well as negatively
impacting the health of individuals working in close proximities to such acute noise in-
tensities.
Blevins and Bressler [10] performed a series of experiments investigating the flow-
excited acoustic resonance phenomenon in heat exchanger tube bundles. They initiated
their study by first looking into the flow-excited acoustic resonance phenomenon of a
single cylinder exposed to cross-flow. Blevins and Bressler [10] tested different cylinder
diameters installed in ducts with different heights. These dimensions allowed them to
investigate the effect of Mach number and Reynolds numbers at the resonance condition.
A typical aeroacoustic response of a single cylinder exposed to cross-flow is shown in
Figure 2.29. The horizontal axis in Figure 2.29 is referred to as the reduced flow velocity,





where fa represents the fundamental acoustic natural frequency. As shown in Figure
2.29(a), the vortex shedding frequency increases linearly with increasing flow velocity.
This continues until the vortex shedding frequency coincides with the fundamental acous-
tic natural frequency. In this case, the fundamental acoustic natural frequency occurs at
720 Hz. At this point, there is a significant rise in the acoustic pressure due to a lock-in
occurring between the vortex shedding sound and the fundamental acoustic mode, as
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Figure 2.29: Aeroacoustic response of a single 25.4 mm (1 inch) circular cylinder exposed
to cross-flow (a) Vortex shedding frequency (b) Acoustic pressure versus reduced velocity,
[10]
shown in Figure 2.29. In this case, the peak acoustic pressure reaches close to 2000
Pa, which is equivalent to a sound pressure level (SPL) of 160 dB. The vortex shedding
frequency and acoustic mode remain locked-in until Ur ≈ 6. At this point, the vortex
shedding process exits the lock-in region, and the acoustic pressure diminishes.
In the case of finned cylinders, only a couple of studies can be found in literature
characterizing the aeroacoustic response of finned cylinders in cross-flow. In the work
conducted by Eid and Ziada [19], they found that the straight finned cylinders slightly
reduced the vortex shedding strength (refer to Figure 2.25). However, during acoustic
resonance excitation they found that the straight finned cylinders greatly attenuated the
generated acoustic pressure. Moreover, they found increases in the fin density led to a fur-
ther drop in the generated acoustic pressure during acoustic resonance excitation. Figure
Chapter 2. Literature Review 46
2.30 shows the normalized aeroacoustic response of Eid and Ziada [19] tested cylinders.
The reduced velocity was used to normalize the flow velocity (refer to Equation 2.18).
The acoustic pressure was normalized by dividing the acoustic pressure by the dynamic
head and Mach number. The reason for this actually comes from the work of Blevins







where Prms is the RMS acoustic pressure, and M is the Mach number which is equal to
the flow velocity divided by the speed of sound (U/c). Blevins and Bressler [10] showed
that the acoustic pressure measured during acoustic resonance excitation is proportional













where H is the duct height. Blevins and Bressler [10] also found that the generated
acoustic pressure during acoustic resonance excitation is proportional to the static pres-








From the findings of Blevins and Bressler [10], cylinders that exhibit the same pres-
sure drop should produce nearly the same acoustic pressure during acoustic resonance
excitation. Due to the fact that Eid and Ziada [19] are comparing the aeroacoustic re-
sponse of the finned cylinders with bare cylinders with the same effective diameter, the
generated acoustic pressure during acoustic resonance excitation should be the same [10].
The reason its not, then has to be attributed to the disruption in the vortex shedding
process caused by the finned cylinders [19]. Eid and Ziada [19] further added that the
lower acoustic pressure measured in the case of the higher density finned cylinders must
be due to an increased disruption in the vortex shedding process.
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Figure 2.30: Acoustic response of the bare and finned single cylinders showing the fre-
quency ratio (fv/fa) and the normalized sound pressure (Pv
∗) as functions of the reduced
velocity (Vr); Finned Cylinder I (fin/inch = 5.3; Deff = 15.7 mm); Finned Cylinder II
(fin/inch = 9.8; Deff = 16.3 mm); Finned Cylinder III (fin/inch = 17.5; Deff = 17.5
mm); Bare Cylinder I (D = 16 mm); Bare Cylinder II (D = 17.5 mm), [19]
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Figure 2.31: Normalized aeroacoustic response of finned cylinders with the same fin
thickness but different fin densities, [3]
Recently, Arafa and Mohany [3] investigated the aeroacoustic response of straight
finned cylinders in cross-flow. Contrary to what was observed in the work of Eid and
Ziada [19], they found that the straight finned cylinders actually experience a much
stronger acoustic resonance excitation compared to the bare cylinders. Moreover, they
found increase in the fin density led to an earlier onset and stronger acoustic pressure
during acoustic resonance excitation, as shown in Figure 2.31. Arafa and Mohany [3] also
investigated the effect of different fin parameters on the acoustic pressure during acoustic
resonance excitaiton. For instance, they found by keeping the fin density constant and
increasing the fin thickness led to an increase in the acoustic pressure. However, the
most interesting portion of their study is the effect of the finned cylinder’s aspect ratio
on the aeroacoustic response. Arafa and Mohany [3] showed that increasing the aspect
ratio of the finned cylinders drastically increases the acoustic pressure during acoustic
resonance excitation. On the other hand, finned cylinders with smaller aspect ratios were
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Figure 2.32: Normalized aeroacoustic response of the same finned cylinder but with
different aspect ratios, [3]
found to weaken the acoustic pressure during acoustic resonance excitation. The effect of
the finned cylinder’s aspect ratio on the aeroacoustic response is demonstrated in Figure
2.32.
2.4.1 Effect of Externally Applied Sound on the Spanwise Flow
Coherence
As mentioned at the end of Section 2.1.5, the spanwise flow coherence has great signif-
icance in characterizing and understanding the sound generated from vortex shedding
[58]. Moreover, it is known that flow-excited acoustic resonance can occur when the
vortex shedding frequency coincides with one of its enclosure’s acoustic modes. Unfortu-
nately, nothing has been shown in literature correlating the spanwise flow coherence of
the vortex shedding process and the generated sound pressure during acoustic resonance
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excitation. Some studies have been performed investigating the effect of applied sound on
the vortex shedding process. Although these studies have provided a lead on the effect of
applied sound on the vortex shedding process, it is difficult to understand the mechanism
behind the energy transfer between the flow field and the sound field during flow-excited
acoustic resonance, unless the flow-excited acoustic resonance phenomenon is self-excited
[51]. Moreover, understanding the energy transfer between the flow and sound field can
provide a means for developing reliable suppression and noise control techniques in order
to suppress or control the onset of flow-excited acoustic resonance.
Blevins [7] investigated the influence of externally applied sound on the vortex shed-
ding process from a rigid circular cylinder in cross-flow. The experiment was performed
by utilizing two electromagnetic speakers, flush mounted on the upper duct wall and cen-
tered above the cylinder. The speakers were used to excite a standing wave in the test
section. Without the application of sound, Blevins [7] found that turbulence intensity
was not concentrated exactly at the vortex shedding frequency, but around a band of
frequencies about the vortex shedding frequency. When the sound was applied with a
frequency matching the fundamental acoustic cross-mode of the duct, a sudden change
in the vortex shedding behaviour was observed. With the application of a 250 Pa sound,
the three-dimensional vortex shedding process became two-dimensional as shown by the
high flow coherence in Figure 2.33. Moreover, the broad vortex shedding peak became
sharp and well defined, with a frequency matching the frequency of the applied sound.
Furthermore, Blevins [7] found that the applied sound had the greatest influence on the
vortex shedding when the cylinder was position at the pressure node of the standing
wave. Blevins [7] therefore suggested that it was not the sound pressure of the applied
sound, but the acoustic particle velocity that had the largest influence on the vortex
shedding process.
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Figure 2.33: Effect of externall applied sound on the spanwise flow coherence at the
vortex shedding peak , [7]
2.5 Noise Control Techniques
The onset of flow-excited acoustic resonance may result in the generation of severe noise.
This can negatively impact the structural integrity of equipment and the health of in-
dividuals working nearby. A number of techniques have been developed and utilized to
suppress the onset of flow-excited acoustic resonance in heat exchangers. These tech-
niques include, the addition of baffles plates, the addition of resonators, removing tubes,
and altering the tube surface [9]. Though these techniques have shown to be successful
in mitigating the onset of flow-excited acoustic resonance, most of the techniques do not
fully get rid of the problem. For instance, the addition of baffle plates simply shifts the
resonant frequency to higher frequencies [9]. Resonators such as Helmholtz resonators
increase the acoustic damping of the system at a single frequency [9, 73]. Moreover, the
resonators have to be installed at specific locations in order for it to be effective [69].
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Removing tubes is only effective in some scenerios [9]. Furthermore, removing tubes
reduces the heat transfer capabilities of the heat exchanger. Therefore, the only reliable
technique is altering the tube surface. This is because the source of the problem is the
vortex shedding. If the tube surface can be altered in a way to disrupt or break up the
generation of vortices, the onset of flow-excited acoustic resonance can be permanently
suppressed.
Zdravkovich [83], performed an extensive review on the effect of various surface
protrusions and geometric modifications as a means of suppressing the vortex shedding
process downstream of a cylinder. Zdravkovich [83] found that some surface protrusions
such as helical strakes and staggered rectangular fins, had an omnidirectional and uni-
directional impairment on the vortex shedding process, respectively. Omnidirectional
impairment means that the surface protrusion(s) were effective in hindering the vortices,
irrespective of the flow direction. Other surface protrusions, such as the addition of
evenly spaced longitudinal fins, had an adverse effect. Figure 2.34 shows a summary
of the various surface protrusions studied by Zdravkovich [83]. Chyu and Rockwell [16]
studied the near-wake flow structure of a cylinder with helical strakes using a PIV.
They found that the reason helical strakes were effective in hindering the formation of
large-scale Von Kármán vortices due to the formation of small-scale vortices emitting
from the fin surfaces. Moreover, as shown in Figure 2.35 they found rotating the he-
lically straked cylinder about its axis changed the streamwise vortex shedding pattern.
However, their spanwise visualizations showed that these patterns repeat at consecutive
intervals along the straked cylinder’s span, as observed in Figure 2.36. This repetition
was found to be dependent upon the straked cylinder’s pitch, which suggests that even
though the vortex shedding pattern changes at different angular orientations, the overall
vortex shedding process does not due to its repeating nature along the cylinder’s span.
Due to the effectiveness of helical strakes in suppressing the formation of vortices, helical
strakes have been utilized in the industry in minimizing the onset of flow-induced vibra-
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Figure 2.34: Aerodynamic and hydrodynamic means for interfering with vortex shedding:
(i) Surface protrusions ((a) omnidirectional (b) unidirectional), (ii) Shrouds, (iii) near-
wake stabilisers, (+) Effective (-) Ineffective in suppressing the vortex shedding process,
[83]
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Figure 2.35: Instantaneous vorticity patterns on the X − Y plane at different angular
orientations, [16]
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Figure 2.36: Instantaneous vorticity patterns along the helical straked cylinder’s span
(X − Z plane), [16]
tions [67]. Though flow-induced vibration is a problem in many industrial applications
[1, 2, 17, 30, 31, 44–46], utilizing low fin density helical strakes in place of high density
fins in a heat exchanger in order to suppress the onset of flow-excited acoustic resonance
is not feasible. The reason for this is because reducing the number of fins will severely
hinder the heat transfer capabilities of the heat exchanger. Hamakawa et al. [27] instead
looked into installing helical wires with different wire diameters around a finned cylinder
as a means of suppressing the vortex shedding process in the wake of the finned cylin-
ders. As shown in Figure 2.37, they found that the installation of helical wires around
the finned cylinders were effective in reducing the periodicity of the vortex shedding pro-
cess. Moreover, they found that larger diameter helical wires increased the effectiveness.
However, they found that the effectiveness of the helical wires were dependent upon the
Reynolds number.
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Figure 2.37: Contour map of velocity fluctuations (u′) normalized by the mean stream
velocity (U∞) (a) Finned cylinder without strakes (b) Finned cylinder with strakes, [27]
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2.6 Summary and Research Needs
As shown throughout Chapter 2, extensive work has been done on the flow-sound inter-
action mechanism of bare, circular cylinders. With the exception to the work of Eid and
Ziada [19] and Arafa and Mohany [3], most of the finned cylinder investigations have fo-
cused on the finned cylinders effect on the near-wake flow structure without flow-excited
acoustic resonance. The effect of the near-wake flow structure of the spirally finned
cylinders and how it affects the radiated sound during flow-excited acoustic resonance
has never been investigated. Therefore, in this thesis, the flow-sound interaction mech-
anism of the spirally finned cylinders will be investigated. Two types of spirally finned
cylinders will be investigated: spirally finned cylinders with and without fin crimps. The
reason behind investigating the effect of the fins crimps is because the crimped spirally
finned cylinders have shown to increase the convective heat transfer characteristics. This
is because the crimps increases the fin surface area exposed to the flow, as well as increase
the contact surface area between the base of the crimped fins and the outer tube sur-
face [65]. Due to the increased heat transfer characteristics, the crimped spirally finned
cylinders have proven to be increasingly reliable in industrial applications [65]. Thus,
the spirally finned cylinders in this study were purposely manufactured with the crimps
and their flow-sound interaction mechanism characteristics were compared to a spirally
finned cylinders without crimps. The finned cylinders were manufactured using an in-
house machine that was specifically designed for the purpose of producing spiral fins with
different fin heights, thicknesses, and densities. However, only the effect of the fin density
will be considered. The flow-sound interaction mechanism of the spirally finned cylinders
will be investigated by:
(i) Performing a full characterization of the near-wake flow structure downstream of
the spirally finned cylinders. This will be completed by quantifying the overall
turbulence levels, turbulence levels at the vortex shedding frequency, and by mea-
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suring the resultant spanwise flow coherence in near-wake of the finned cylinders.
The spirally finned cylinders will then be rotated about its axis, and the near-wake
flow measurements will be repeated at multiple angular orientations. The reason
for this is to see if the angular orientation of the finned cylinders with respect to
flow influences the downstream vortex shedding process. The near-wake flow char-
acteristics of the finned cylinders will be compared to the bare cylinders with same
equivalent diameter, in order to see how the addition of fins influences the vortex
shedding process.
(ii) Investigating the aeroacoustic response of the finned cylinders by self exciting flow-
excited acoustic resonance. The onset, the peak and width of the lock-in region of
the finned cylinder during flow-excited acoustic resonance will then be compared to
that of the bare cylinders with the same equivalent diameter. Furthermore, a simu-
lation of the acoustic particle velocity distribution surrounding the finned cylinders
will be compared to the bare cylinders. Trends in the flow measurements and the
acoustic particle velocity distribution simulations will give a better understanding
on how the finned cylinders behave during flow-excited acoustic resonance compared
to the bare cylinders.
(iii) Finally, investigating the effect of varying the fin density along the span of the finned
cylinder as a viable noise control technique. The fin density will be varied whilst
maintaining the number of fins in order to maintain the heat transfer characteristics
of the finned cylinders.
Chapter 3
Experimental Set-up
In this chapter, the experimental set-up and methodology will be presented. In order to
fulfil the objectives of this thesis, an extensive amount of measurements are performed in
an open loop wind tunnel. The open loop wind tunnel incorporates a customizable test
section in order to allow for detailed flow field measurements and acoustic measurements
to be conducted. In the first part of this chapter, the test section used to perform the
experiments will be described. The second part of this chapter will describe the man-
ufacturing process of the spirally finned cylinders. Lastly, the measurement techniques
utilized to accomplish the objectives of this thesis, and the reason behind the use of those
techniques will be explained.
3.1 Test Section
The experimental apparatus consists of an open loop wind tunnel that is connected to a
centrifugal air blower. The wind tunnel consists of a parabolic bell mouth, test section,
contraction cone, and a diverging diffuser. The parabolic bell mouth is installed at
the inlet of the test section, which is used to reduce pressure drop at the intake. The
test section is manufactured out of 19.05 mm (3/4 inch) thick acrylic panels, with duct
dimensions of a height (H) of 254 mm (10 inches) and a width (W ) of 127 mm (5 inches).
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These dimensions were carefully selected to ensure self-excitation of acoustic resonance
at the fundamental acoustic cross-mode, whilst keeping in mind the capabilities of the
centrifugal air blower. With this arrangement, the maximum achievable flow velocity
is approximately 160 m/s. Self-excited acoustic resonance at the fundamental acoustic
cross-mode for the smallest and largest diameter cylinders tested occurs at a flow velocity
of approximately 64 m/s and 86 m/s, respectively. The fundamental acoustic cross-mode






where c is the speed of sound, and H is the height of the duct enclosure [54]. The
selected duct width is to ensure three-dimensionality of the flow field. In this study, the
measurements were performed, with respect to the equivalent diameter (Deq) of the finned
cylinders, within Reynolds number range of 2.0× 104 ≤ ReDeq ≤ 2.0× 105. Within this
Reynolds number range, the spanwise correlation length as demonstrated in literature
(refer to Figure 2.17) is less than three diameters. Thus, a duct width of 127 mm (5
inches) is sufficient to ensure a three-dimensional flow field in the wake of the bare and
finned cylinders tested.
All the finned cylinders were tested while horizontally mounted in the middle of the
test section. The reason for this is actually due to how the acoustic pressure and acoustic
particle velocity is distributed in the transverse direction of the duct during flow-excited
acoustic resonance. For instance, at the fundamental acoustic cross-mode, the acoustic
pressure is distributed as a half sine wave, with anti-nodes (maximum pressure) at the
top and bottom of the duct wall, and a node (zero pressure) at the center of the duct.
From the gradient of the acoustic pressure field, the acoustic particle velocity can be
determined. At the fundamental acoustic cross-mode, the acoustic particle velocity has
a node at the top and bottom of the duct walls, and an anti-node at the center of the
duct. As described in Howe’s theory of aerodynamic sound [33], the acoustic particle
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velocity is what initiates the feedback between the sound and flow field during acoustic
resonance excitation. Therefore, if the acoustic particle velocity is zero, then acoustic
resonance will not be excited. Thus, with the current experimental set-up, only the odd
harmonics (first, third, fifth, etc...) of the acoustic cross-mode can be excited, because in
these scenerios, the cylinder is located exactly at the acoustic particle velocity anti-node.
The even harmonics (second, fourth, sixth, etc...) of the acoustic cross-mode cannot be
excited, because in these scenerios the cylinder is located exactly at the acoustic particle
velocity node. More information regarding the effect of the cylinder location on the
generated acoustic pressure during flow-excited acoustic resonance can be found in the
study conducted by Arafa et al. [5]. Contours of the acoustic pressure distribution of the
first, second, and third acoustic-cross modes inside of a duct with a cylinder installed at
the center is shown in Figure 3.1.
The diverging diffuser is specifically designed to ensure that the inclusive divergence
angle does not exceed 14◦. This was done to avoid flow separation and to ensure pressure
recovery, whilst maintaining maximum flow velocity inside the test section. The diffuser
is made out of 19.05 mm (3/4 inch) thick sanded plywood. The diffuser is connected to
the test section by a contraction cone with the same divergence angle, and connected to
the centrifugal air blower via a flexible connection. The flexible connection is used to
minimize vibrations transmitted to the test section. The centrifugal air blower is driven
by a 3-phase 56 KW (75 HP) electric motor, that is controlled by a variable frequency
drive (VFD). The VFD is used to control the flow velocity within the test section. The
motor’s frequency can be changed with increments of 0.001 Hz within 0-60 Hz, which
corresponds to flow velocity increments of 0.0026 m/s. The blower is rigidly secured to
the floor by heavy-duty bolts. Underneath the blower are vibration absorber pads that
are used to eliminate any vibrations produced by the blower during operation.
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Figure 3.1: Contours of the acoustic pressure distribution inside a duct with a cylinder
installed at the center for the (a) First acoustic cross-mode (b) Second acoustic cross-
mode (c) Third acoustic cross-mode; p(λ/2, λ, 3λ/2) is the acoustic pressure distribution
and v(λ/2, λ, 3λ/2) is the acoustic particle velocity distribution
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Figure 3.2: Spirally finned cylinder machine
3.2 Finned Cylinders
3.2.1 Manufacturing
The spirally finned cylinders were manufactured using an in-house machine for the pur-
pose of making spirally finned cylinders with different fin parameters. The machine
consists of a 508 mm (20 inch) bench drill press laid on its side as the base, a prismatic
joint, and a guide for the fins as the fins develop. The in-house spirally finned cylinder
machine is shown in Figure 3.2.
A bare cylinder is connected to the drill chuck at one end and simply supported at the
other end. A stainless steel strip is used to make the fins, which is initially pre-wrapped
onto the outer cylinder surface, and clamped using a high strength clamping collar; whilst
the rest of the strip rests inside the slot of the fin guide. As the bare cylinder rotates,
the stainless steel strip attached to the cylinder rotates, initiating the development of
the fins. The fin guide is used for guiding the stainless strip as the cylinder rotates, and
acts as a barrier to prevent the strip from folding on its side. The fin guide is directly
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Figure 3.3: Spirally finned cylinder manufactured using the spirally finned cylinder ma-
chine
positioned underneath the bare cylinder to further support the stainless steel strip as
it forms into fins. To control the fin spacing, the fin guide is angled at a specific angle
that is calculated from the lead angle equation. The lead angle equation is used in the
industry to control the thread pitch of a lead screw. The fin guide is rigidly mounted to
a prismatic joint, which is used to translate the fin guide along the cylinder’s span. The
axial force generated from the fin development is what translates the fin guide. Figure
3.3 shows a spirally finned cylinder that was developed using this machine.
3.2.2 Testing
To characterize the flow-sound interaction mechanism of spirally finned cylinders, five
spirally finned cylinders with different fin densities were investigated. Out of the five
spirally finned cylinders, four of the spirally finned cylinders have fins with crimps. All
the finned cylinders investigated in this study have fin parameters equivalent to what is
used in the industry. To investigate the effect of angular orientation with respect to flow
on the flow-sound interaction mechanism, the spirally finned cylinders were rotated with
increments of 22.5◦ about their axis at five different angular orientations. A schematic of
the spirally finned cylinders investigated in this study with the important fin parameters
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Figure 3.4: Schematic drawing of (a) Crimped spirally finned cylinder (b) Solid spirally
finned cylinder
labelled are shown in Figure 3.4.
3.3 Measurement Techniques
3.3.1 Near-Wake Flow Measurements
Before proceeding with any near-wake measurements, the flow velocity inside the test
section was measured. The flow velocity was measured using a pitot tube, connected to
an LCD Digital Gauge Differential Air Pressure Meter Manometer no. HT-1890, with an
accuracy of ± 0.3% full-scale output (FSO) at room temperature (25◦). The pitot tube
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was installed upstream to where the cylinders are going to be installed. The pitot tube
measures the stagnation pressure at the pitot tubes stagnation point and static pressure
by small openings at the side of the pitot tube. The pressure difference is picked up by
the manometer, which is then converted to a velocity reading using Bernoulli’s equation.
The near-wake flow measurements were performed by utilizing constant temperature
(resistance) hot-wire probe(s) manufactured by Dantec Dynamics no. 55P16. These hot-
wire probes consists of a fine tungsten wire (in this case 5 µm in diameter and 1.25 mm
long), and welded between two prongs with gold connectors; which is electrically heated
to a constant temperature above room temperature. The temperature of the hot-wire is
kept constant by a MiniCTA device manufactured by Dantec Dynamics no. 54T42. The
MiniCTA keeps the hot-wire temperature constant by an advanced feedback control loop
that contains an electronic circuit bridge. As the flow passes over the wire, the wire cools,
and the voltage going through the wire changes accordingly in order to keep the hot-wire
temperature constant. Therefore, a relationship can be made between the voltage reading
and the flow velocity. Though extremely delicate, the hot-wire anemometers have an
extremely high frequency response (in this case up to 400 kHz), which makes it ideal for
performing detailed measurements in turbulent flows. The voltage readings are acquired
by connecting the MiniCTA device to a National Instrument Data Acquisition Card no.
BNC-2210. The data acquisition card is connected to the desktop computer, and the
voltage readings are analyzed by a National Instrument LabView software package. The
voltage readings acquired from the hot-wire probe(s) are calibrated using the velocity
readings obtained from the pitot tube measurements.
To characterize the flow field in the near-wake of the finned cylinders, the test section
is equipped with a high precision three-dimensional traverse mechanism. The traverse
mechanism is used to control the movement of the hot-wire probes in the transverse
(Y ), spanwise (Z), and streamwise (X) directions. The near-wake flow measurements
are divided into two stages: cross-wake flow measurements and spanwise flow coherence
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measurements. To perform the cross-wake flow measurements, a single hot-wire probe is
utilized and installed onto the traverse mechanism. To measure the mean velocity deficit,
the overall turbulence intensity, and the turbulence intensity at the vortex shedding
frequency, the hot-wire probe was traversed across the wake at multiple streamwise, and
spanwise positions (for the case of the non-uniform fin density spirally finned cylinders).
The vortex formation length was measured by traversing the hot-wire probe along the
wake centerline. A schematic of the cross-wake measurements set-up is shown in Figure
3.5(a). The hot-wire signal was recorded using a sampling rate of 10 kHz for 60 seconds.
This was done to avoid signal distortion and instabilities in the measurements. For an
empty duct, it was found that the turbulence intensity was less than 1% over the whole
velocity range (0 - 160 m/s). A sample of the velocity signal picked up by the hot-wire
probe is shown in Figure 3.6. It is important to note that all the hot-wire measurements
were performed before acoustic resonance excitation, in order to avoid disturbing the
acoustic field.
To perform the spanwise flow coherence measurements, two hot-wire probes were
utilized. The first hot-wire probe was installed on the traverse mechanism, the second hot-
wire probe was fixed at a reference position. The coherence measurements were performed
by correlating the instantaneous velocity fluctuations measured using the movable hot-
wire probe (u1
′) with that measured using a fixed hot-wire probe (u2
′). The correlation









where u1′ and u2′ are the averaged velocity fluctuations at the vortex sheding frequency
measured with the movable hot-wire probe and the fixed hot-wire probe, respectively. A
schematic of the spanwise flow coherence measurements set-up is shown in Figure 3.5(b).
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Figure 3.5: Schematic of the wake measurements set-up for (a) Transverse and down-
stream velocity profile measurements (b) Spanwise coherence measurements
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Figure 3.6: Velocity signal picked up by the hot-wire probe at an arbitrary point down-
stream of a bare cylinder (a) Velocity signal (b) Fast-Fourier Transform (FFT) of the
velocity signal; U is the instantaneous velocity, U is the mean velocity, u′ is the instan-
taneous RMS velocity fluctuation, u′(fv) is the RMS velocity fluctuation at the vortex
shedding frequency
Chapter 3. Experimental Set-up 70
Figure 3.7: Schematic of the experimental set-up showing the acoustic pressure distri-
bution p(λ/2) and the acoustic particle velocity distribution v(λ/2) for the fundamental
acoustic cross-mode
3.3.2 Aeroacoustic Response Measurements
To perform the aeroacoustic response measurements, the traverse mechanism and hot-
wires were removed and replaced with a 6.35 mm (1/4 inch) diameter, high amplitude
pre-polarized pressure microphone manufactured by PCB Piezotronics no. 377A12. The
pressure microphone has a frequency range of 4 to 2.0× 104 Hz (± 2 dB) and a dynamic
range of 182 dB re 20 µPa. The pressure microphone’s signal is amplified by an ICP R© mi-
crophone pre-amplifier manufactured by PCB Piezotronics no. 426B03, which is powered
by an ICP R© sensor signal conditioner manufactured by PCB Piezotronics no. 482C15.
The pressure microphone was calibrated using a G.R.A.S pistonphone no. 42AB. The
sensitivity of the pressure microphone is 0.25 mV/Pa (± 3 dB), and was calibrated before
each test to ensure that the data is being analyzed with the most up-to-date microphone
sensitivity.
The pressure microphone was flush-mounted onto the upper surface of the test sec-
tion wall, 25.4 mm (1 inch) downstream of the cylinder centerline; which was rigidly
fixed to the test section wall by a 9.5 mm (3/8 inch) brass fitting that was insulated
with a TeflonTMO-ring. The microphone was mounted onto the upper surface of the test






Figure 3.8: Pressure signal picked up by the pressure microphone with a bare cylinder
installed (a) Fluctuating acoustic pressure before resonance (b) Acoustic pressure spectra
before resonance (c) Fluctuating acoustic pressure during resonance (d) Acoustic pressure
spectra during resonance
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section wall because this is the position of the acoustic pressure anti-node (refer to Figure
3.1). The reason why the microphone was installed 25.4 mm downstream of the cylinder
centerline is because, in a separate study, a distance-to-duct height ratio of 0.1 (X/H =
0.1) was found to be the position where the highest acoustic pressure was measured [5].
The acoustic pressure signal was acquired by the same data acquisition system described
in the previous section (Section 3.3.1). The sampling frequency was 10 kHz and each
signal was averaged 100 times which corresponds to 100s in real time. These parameters
were selected to avoid signal distortion and instabilities in the measurements. Figure 3.7
shows a schematic of the experimental set-up used for the aeroacoustic response measure-
ments. A sample of the acoustic pressure signal measured before and during flow-excited
acoustic resonance is shown in Figure 3.8.
Chapter 4
Near-Wake Flow Characteristics of
Finned Cylinder
In this chapter that near-wake flow characteristics of spirally finned cylinders will be
presented. The flow characteristics of the finned cylinders will be compared against that
of the bare cylinder. The near-wake flow characteristics of the bare cylinder is used as a
reference, in order to better understand the flow behaviour around the finned cylinders.
The results of this chapter will be related to the aeroacoustic response results in the
subsequent chapter.
4.1 Modified Equivalent Diameter
To be able to predict the vortex shedding frequency and characterize the vortex shedding
process in the wake of the spirally finned cylinders, an equivalent diameter of the finned
cylinders was used. In the case of the non-crimped spirally finned cylinder, the effective
diameter equation presented by Mair et al. [40] (refer to Equation 2.4) was found to
predict the vortex shedding frequency quite well. However, in the case of the spirally
finned cylinders with fin crimps, none of the equivalent diameter equations presented
in literature [32, 40, 41, 68] were sufficient in predicting the vortex shedding frequency.
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Thus, a new equivalent diameter equation was developed in this thesis to predict the
vortex shedding frequency propagating from the crimped spirally finned cylinders. The
equivalent diameter equation developed in this study is a modified version of the effective
diameter equation or volumetric diameter equation (in the case of higher fin densities)
presented by Mair et al. [40] and Hirota et al.[32], respectively. This was done by the
addition of a variable denoted as tc (refer to Figure 3.4). The variable tc represents the
thickness of the fin crimps with the addition of the nominal fin thickness t. The modified











where p is the fin pitch, t is the nominal fin thickness, tc is the total thickness, Dr is the
root diameter, and Df is the fin diameter. It is important to note that the thickness of
the fin crimps decreases linearly with decrease in the fin pitch. This is due to a decrease in
the fin’s lead angle. However, as shown in previous studies for the case of a straight finned
cylinder [41], as the fin pitch decreases, the boundary layer formed along the fins were
shown to have a larger influence on the vortex shedding process. Therefore, for smaller
fin spacing, the flow characteristics between the fins are likely to become more important
and should be considered. However, McClure and Yarusevych [41] found this to be the
case for straight finned cylinders with fin spacing smaller than the sum thickness of the
boundary layers developed along adjacent fins (in their case p/Dr < 0.11). In this study,
it was found that the flow characteristics between the fins became highly important for a
crimped spirally finned cylinder with a pitch-to-root diameter ratio of only 0.385 (p/Dr
= 0.385). This is to do with the helical nature of the spiral fins. Due to the inclination of
the spiral fins, the boundary layer formed along adjacent fins exhibit different thicknesses.
Furthermore, the boundary layer forms along the fins with a slight twist as a result of
the fins lead angle. This is especially the case for the crimped spirally finned cylinders.
This is because the fin crimps protrude out of the fins, which not only induces a higher
frontal area flow blockage but also results in a larger twist in the boundary layer developed
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along the fin. Reduction in the fin spacing causes the spacing between opposing boundary
layers to decrease. At a critical fin spacing, coalescence between adjacent boundary layers
will transpire between opposing fin crimps or between the fin and opposing fin crimp,
creating an even larger flow blockage. This would also cause the approach flow to deflect
and separate over the mixed boundary layers. A simple schematic of this is shown in
Figure 4.1. Therefore, it is proposed that for crimped spirally finned cylinders with
p/Dr ≤ 0.4, the modified volumetric diameter equation should instead be used. The
modified equivalent diameter (Dc) equation developed and used in this study, to predict











Table 4.1 lists the dimensions of the spirally finned cylinders investigated with the av-
erage Strouhal number calculated for each spirally finned cylinder using Mair et al. [40]
effective diameter (Deff ) equation, Hirota et al. [32] volumetric diameter (Dv) equation,
and the modified equivalent diameter (Dc) equation purposed in this study.
Figure 4.2 shows the Strouhal vs Reynolds number for Finned Cylinder I, plotted
using different equivalent diameters. As shown in Figure 4.2, the modified equivalent
diameter developed in this study predicts the vortex shedding frequency quite well as
it conforms to a Strouhal number of StDc ≈ 0.2. On the other hand, Mair et al. [40]
effective diameter equation and Hirota et al. [32] volumetric diameter equation are shown
to underestimate the Strouhal number, and therefore, overestimate the vortex shedding
frequency.
Figure 4.3(a) shows the vortex shedding frequency measured at each flow velocity
for different spirally finned cylinders. As shown in Figure 4.3(a) the vortex shedding
frequency (fv) increases linearly with increase in the mean velocity (Umean). Further-
more, a reduction in the vortex shedding frequency can be observed with an increase in
the spirally finned cylinder’s fin density. The reason for this comes from the Strouhal
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Figure 4.1: Schematic representing the effect of the fin crimps on the boundary layer
growth along the fins, and its resultant effect on the shear layer separation


















Figure 4.2: Strouhal number versus Reynolds number for Finned Cylinder I using differ-
ent equivalent diameters (Deq), where Deff represents Mair et al. [40] effective diameter
and Dv represents Hirota et al. [32] volumetric diameter and Dc represents the modified
equivalent diameter developed in this study for crimped spirally finned cylinders
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Table 4.1: Dimensions of the spirally finned cylinders investigated in this study. All
dimensions are listed in millimeters (mm). The bolded font represents the equivalent
diameter (Deq), which was used to normalize the data in this study
Finned Cylinder I Finned Cylinder II Finned Cylinder III Finned Cylinder IV Finned Cylinder V
L 127 127 127 127 127
Dr 12.7 12.7 12.7 12.7 19.05
Df 38.1 38.1 38.1 38.1 38.1
t 0.635 0.635 0.635 0.635 0.508
tc 3.65 2.97 2.23 1.8 -
p 12.7 9.78 6.68 4.88 3.63
s 9.05 6.81 4.45 3.08 3.12
Deff - - - - 21.7
Dc 20.0 20.4 21.2 25.3 -
StDeff , 0.148 0.143 0.139 0.135 0.196
StDv, 0.165 0.162 0.163 0.150 0.207
StDc, 0.207 0.203 0.195 0.198 0.241
number relationship. Increases in the spirally finned cylinder’s fin density increases the
finned cylinder’s equivalent diameter. This results in a decrease in the vortex shedding
frequency. From Figure 4.3(a), the Strouhal number can be estimated by fitting the data
points using a linear regression model. The estimated Strouhal number obtained from
Figure 4.3(a) is displayed in Table 4.1. As shown in Figure 4.3(a), the estimated Strouhal
number obtained from the linear regression model is approximately StDeq ≈ 0.2. For the
tested Reynolds number range, this is expected for the case of the bare cylinder [36].
For the case of the non-crimped spirally finned cylinder, Finned Cylinder V, using Mair
et al. [40] effective diameter equation is found to be sufficient in estimating the vortex
shedding frequency. This finding is also consistent to what has been reported in literature
[25, 26]. In the case of the crimped spirally finned cylinders, using the modified equiv-
alent diameter equation developed in this study has shown to be sufficient in capturing
Chapter 4. Near-Wake Flow Characteristics of Finned Cylinder 78
the downstream vortex shedding frequency for the case of the crimped spirally finned
cylinders with different fin densities. The Strouhal number at each Reynolds number
was calculated for each of the cylinders tested in this study. This is shown in Figure
4.3(b). As shown in Figure 4.3(b), using the appropriate equivalent diameter equation is
effective in collapsing the Strouhal data around StDeq ≈ 0.2.
As reported in literature [3], if a bare cylinder exhibits the same equivalent diameter
as a finned cylinder, then the static pressure drop across both the finned cylinder and bare
cylinder should also be similar. Therefore, a pressure drop test across a 22 mm diameter
bare cylinder was performed, and subsequently performed for both Finned Cylinder III
and Finned Cylinder V. This is because both Finned Cylinder III and Finned Cylinder V
nearly possess the same equivalent diameter as the 22 mm bare cylinder. Finned Cylin-
der III exhibits fin crimps, whereas Finned Cylinder V does not. Therefore, the equation
used to determine the equivalent diameter of Finned Cylinder III and Finned Cylinder
V was the modified equivalent diameter equation and Mair’s effective diameter equation,
respectively. Figure 4.4 shows the pressure drop measured across the 22 mm diameter
bare cylinder, Finned Cylinder III, and Finned Cylinder V. As shown in Figure 4.4, both
Finned Cylinder III and Finned Cylinder V practically exhibit the same pressure drop as
their corresponding equivalent diameter bare cylinder. This indicates that the modified
equivalent diameter equation proposed in this study is not only sufficient in predicting
the vortex shedding frequency, but also adequate in capturing the pressure drop. This is
also the case using Mair’s effective diameter equation to represent the equivalent diame-
ter of the non-crimped spirally finned cylinder (Finned Cylinder V).
As mentioned in Chapter 2, Section 2.2.1, the purpose of the equivalent diameter
equation is to aid in the heat exchanger design. By utilizing the appropriate equivalent
diameter the vortex shedding frequency can be accurately predicted. Therefore heat
exchangers can be designed to avoid the onset of flow-excited acoustic resonance. Fur-
thermore, using the correct equivalent diameter, the pressure drop caused by the finned
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Figure 4.3: (a) Vortex shedding frequency as a function of the mean flow velocity for
each cylinder (b) Strouhal number as a function of Reynolds number for each cylinder
Chapter 4. Near-Wake Flow Characteristics of Finned Cylinder 80





















Bare Cylinder D = 22 mm
Finned Cylinder III
Finned Cylinder V
Figure 4.4: Static pressure drop versus Mach number for Finned Cylinder III and Finned
Cylinder V, compared against a bare cylinder with the same equivalent diameter
cylinders could also be taken into account during the heat exchanger design phase.
4.2 Cross-Wake Measurements
Figure 4.5 shows the normalized cross-wake profiles for each cylinder, except Finned
Cylinder II. The reason Finned Cylinder II was not shown is because the results of
Finned Cylinder II are similar to the results of Finned Cylinder I. The cross-wake mea-
surements shown in Figure 4.5 were performed at a Reynolds number of Re = 3.5× 104,
at a downstream distance of X/Deq = 1.17 from the cylinder centerline. The velocity
readings shown in Figures 4.5(a-c) were normalized by the free-stream velocity (Umean).
The cross-wake position was normalized by utilizing the cylinder’s respective equivalent
diameter (refer to Table 4.1). It was previously shown in Figure 4.3 that by using the cor-
rect equivalent diameter for each spirally finned cylinder, the vortex shedding frequency
can be estimated quite accurately. Although using the proper equivalent diameter can
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be utilized to reasonably estimate the vortex shedding frequency, it does not seem to ac-
commodate for the differences in the cross-wake velocity measurements shown in Figure
4.5.
Figure 4.5(a) shows the normalized mean velocity defict. As depicted in Figure
4.5(a), the bare cylinder clearly exhibits the lowest mean velocity deficit. The addition
of spiral fins with large fin spacing, as shown for the case of Finned Cylinder I, is observed
to cause a substantial increase in the mean velocity deficit. This can be seen by 60%
decrease in the mean velocity measured at the wake centerline (Y/Deq = 0). Reducing
the fin spacing by increasing the fin density has shown to progressively decrease the mean
velocity deficit, gradually approaching that of the bare cylinder. Moreover, though not
as apparent as the mean velocity deficit, the addition of spiral fins are shown to cause a
slight increase in the wake width. The wake edge is defined as the point where the flow
velocity is 99% of the mean velocity (U/Umean = 0.99) [84].
Figure 4.5(b), shows the overall turbulence intensity measured in the wake of each
cylinder. The overall turbulence intensity (u′/Umean) refers to the overall root mean
square of the velocity fluctuations (refer to Figure 3.6(a)) normalized by the free stream
velocity (Umean). As shown in Figure 4.5(b), the turbulence intensity profile in each case
exhibits two peaks across the wake centerline. The position of these peaks correspond
to the position of the free shear layer as a result of the boundary layer separation from
the cylinder at opposing sides of the wake centerline. However, as can be observed from
Figure 4.5(b), the magnitude and cross-wake position where the peak intensity occurs are
different in each case. The bare cylinder is shown to exhibit the highest peak and wake
turbulence intensity. Moreover, the position where the peak occurs is symmetric across
the wake centerline. As shown for the case of Finned Cylinder I, it can be seen that
the addition of spiral fins with large fin spacing causes a severe decrease in the overall
turbulence level in the wake. Reducing the fin spacing is shown to cause a rise in the
wake turbulence intensity. This rise is more pronounced going from Finned Cylinder I
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Figure 4.5: Normalized velocity profiles of (a) Mean velocity deficit (b) Overall turbulence
intensity (c) Turbulence intensity at the vortex shedding frequency; performed at ReDeq
= 3.5× 104 at a downstream distance of X/Deq = 1.17
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Figure 4.6: Turbulence intensity measured at the vortex shedding frequency normalized
by the maximum RMS velocity fluctuation, measured at ReDeq = 3.5× 104 and at a
downstream distance of X/Deq = 1.17, at an angular orientation that measured the
highest turbulence intensity at the vortex shedding frequency
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to Finned Cylinder III. Further reduction in the fin spacing leads to a more gradual rise
in the wake turbulence level and a minor rise in the peak turbulence intensity.
To quantify the strength of the vortex shedding process, the turbulence intensity at
the vortex shedding frequency was extracted from the velocity spectra (refer to Figure
3.6(b) at each cross-wake position. As shown in Figure 4.5(c), with the exception of
Finned Cylinder IV, the addition of spiral fins is shown to reduce the turbulence in-
tensity at the vortex shedding frequency. This suggests that the addition of spiral fins
weakens the vortex shedding process. In the case of Finned Cylinder IV, though the
peak turbulence intensity is significantly lower than that measured in the wake of the
bare cylinder, the turbulence intensity extracted from the vortex shedding frequency is
actually higher. Figure 4.6 quantifies the amount the vortex shedding process contributes
to the overall turbulence level in the wake. This is done by normalizing the turbulence
intensity measured at the vortex shedding frequency by the peak root mean square ve-
locity fluctuation measured in each case. As depicted in Figure 4.6, it is clear that the
addition of fins with large fin spacing, as observed in the case of Finned Cylinder I,
causes a considerable disruption in the vortex shedding process, as it contributes to only
10% of the wake turbulence. Decrease in the fin spacing due to an increase in the fin
density results in an increased contribution in the vortex shedding process to the overall
turbulence levels in the wake. At a critical fin spacing as shown for the case of Finned
Cylinder IV, the vortex shedding process contributes to about a third of the overall tur-
bulence (u′(fv)/u
′(max) ≈ 33%) of the overall turbulence intensity. This suggests that
the addition of spiral fins highly disrupts the vortex shedding process. Decreasing the
fin spacing does not really increase the overall turbulence intensity at the peak, however,
the turbulence intensity becomes more concentrated at the vortex shedding frequency,
and eventually at a critical fin spacing, as shown for the case of Finned Cylinder IV, the
vortex shedding strength exceeds that of the bare cylinder.
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4.3 Vortex Formation Length
To identify the position of the vortex formation length, a single hot-wire probe was tra-
versed along the wake centerline. The velocity measured along the wake centerline is
displayed in Figure 4.7(a). The overall turbulence intensity measured along the wake
centerline is shown in Figure 4.7(b). As presented in Figure 4.7(b), the bare cylinder
exhibits the shortest vortex formation length. Moreover, the vortex formation length
in the case of the bare cylinder is consistent to what has been found in the literature
[57, 76]. The addition of spiral fins is shown to elongate the vortex formation length.
This is especially observed to be the case for the finned cylinder with the largest fin
spacing, Finned Cylinder I. Decreasing the fin spacing is shown to cause an increase in
the turbulence intensity measured along the centerline, as well as a consistent decrease
in the vortex formation length. The increase in turbulence intensity measured along the
wake centerline is also captured in Figure 4.5(b) with reduction in the fin spacing.
Figure 4.7(a) can also be used to identify the vortex formation length. In this case,
the saturation point shown for each case closely corresponds to the peak turbulence in-
tensity measured along the wake centerline as shown in Figure 4.7(b). However, the most
intriguing thing observed in Figure 4.7(a) is the reduction in the vortex formation length
is associated with an increase in the velocity measured along the wake centerline. The
rise in the wake velocity is likely to be attributed to a reduction in the mean recirculation
region.
4.4 Planar Velocity Measurements
To better understand the flow development in the wake of the spirally finned cylinders,
planar velocity measurements were performed. These measurements were performed for
the bare cylinder, the finned cylinder with the largest fin spacing (Finned Cylinder I),
and for the finned cylinder with the smallest fin spacing (Finned Cylinder IV). The
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Figure 4.7: Streamwise measurements along the wake centerline (Y/Deq = 0) of (a) Nor-
malized mean velocity (b) Overall turbulence intensity, performed at ReDeq = 3.5× 104
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Figure 4.8: Averaged contours of the X − Y planar flow field measurements (a) Mean
velocity deficit (U/Umean) (b) Overall turbulence intensity (u
′/Umean) (c) Turbulence in-
tensity at the vortex shedding frequency (u′(fv)/Umean); performed at ReDeq = 3.5× 104;
solid line represents equivalent diameter (Deq), dotted line represents root diameter (Dr),
dashed line represents fin diameter (Df )
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planar velocity measurements were carried out along the X − Y plane at the center
of the cylinder (Z/Deq = 0), at ReDeq = 3.5× 104. These measurements are shown in
Figure 4.8 at the angular orientation that measured the highest turbulence intensity at
the vortex shedding frequency. As observed in Figure 4.8(a), the bare cylinder displays
the lowest mean velocity deficit. It can also be clearly seen that the bare cylinder exhibits
the highest overall turbulence intensity, as delineated in Figure 4.8(b). Moreover, for the
case of a bare cylinder, it is apparent that the flow characteristics are symmetrical at
opposing sides of the wake centerline. These observations agree with the time-averaged
PIV measurements of Ünal and Atlar [78]. Adding fins with large fin spacing as shown
for the case of Finned Cylinder I, is observed to creates a notable increase in the mean
velocity deficit, as well as a considerable reduction in the overalll turbulence levels, as
presented in Figure 4.8(a) and Figure 4.8(b), respectively. Furthermore, it can be seen
that the vortices form asymmetrically across the wake centerline. The reason for this is
presumably caused by the high fin inclination, resulting from the large fin spacing, which
causes the shear layer to form and separate at different positions along the surface of the
finned cylinder at opposing sides of the wake centerline. Reduction in the fin spacing,
as shown for the case of Finned Cylinder IV, leads to a decrease in the mean velocity
deficit and an increase in the overall turbulence levels in the wake. It can also be seen
that reduction in the fin spacing causes the vortices to form closer towards the cylinder
base. However, the most striking feature is the strength in the vortex shedding process.
It is clearly shown in the case of Finned Cylinder IV that the vortex shedding process
is stronger than what has been observed in the case of the bare cylinder. What is also
observed from Figure 4.8, are the differences in the vortex trajectory. For the case of
the bare cylinder, the vortices form towards the wake centerline, whereas in the case of
Finned Cylinder IV, the vortices appear to form away from centerline. Moreover, for
the case of Finned Cylinder IV, the wide wake width and cross-wake position where the
vortices form with respect to the fin diameter suggests that there was an obstruction
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in the approach flow. Referring to what was mentioned in Section 4.1, at a critical fin
spacing the boundary layer developed along opposing fins will coalesce between the fin
crimps or between fin crimps and adjacent fin, creating a larger flow blockage between
the fin passage. This causes the trajectory of the approach flow, and henceforth the free
shear layer, to be displaced towards the outer fin edge; and as a result, the vortices form
towards the outer fin diameter, angled away from the wake centerline. In the case of
Finned Cylinder I, the flow characteristics in its wake is different compared to the two
other cases. It is observed in the case of Finned Cylinder I that there is a small upward
deflection in the flow field. As shown in Figure 4.8(b) for the case of Finned Cylinder
I, the bottom vortex forms downstream as compared to the upper vortex. This is likely
a result of an early shear layer separation. However, the bottom vortex also appears to
form close to the wake centerline. As displayed in Figure 4.8(a), there is a region below
Finned Cylinder I, that reaches up to 20% of the mean flow. This region of accelerated
flow is likely the reason as to why the bottom vortex forms close to the wake centerline.
Due to this, the bottom vortex forces the upper vortex to form closer towards the cylinder
base, causing a change in the flow trajectory.
4.4.1 Effect of Reynolds Number
Figure 4.9 shows the effect of the Reynolds number on the near-wake flow characteristics
for the case of a bare cylinder. As shown in Figure 4.9, increase in the Reynolds number
causes a notable change in the flow field. It can be seen in Figure 4.9(a) that increasing
the Reynolds number causes a decrease in the mean velocity deficit, and a decrease in
the wake width. Increase in the Reynolds number has also shown to cause a noticeable
increase in the overall turbulence intensity in the wake, as displayed in Figure 4.9(b).
Moreover, the increase in the Reynolds number causes the vortices to form closer towards
the cylinder base and wake centerline. The reduction in the vortex formation length is
associated with a delay in the shear layer separation, which causes a narrowing in the
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wake width, as well as a decrease in the mean recirculation region [82]. Figure 4.9(c)
shows the turbulence intensity extracted at the vortex shedding frequency. As observed
from Figure 4.9(c) the increase in the Reynolds number causes a minor decrease in the
vortex shedding strength. This decrease has also been observed in literature [12] (refer
to Figure 2.14) . The reason for this could be associated with an increase in the overall
turbulence levels in the wake, leading to a more chaotic flow behaviour and decrease in
the flow coherence. Nevertheless, the results shown in Figure 4.9 agrees with what has
been found in the literature.
Figure 4.10 shows the effect of Reynolds number on the near-wake characteristics
for Finned Cylinder I. As shown in Figure 4.10(b), increasing Reynolds number causes a
small rise in the overall turbulence intensity. Moreover, it can also be seen from Figure
4.10(c), that increasing Reynolds number leads to a progressive reduction in the vortex
shedding strength. However, the position where the vortices form does not seem to
be influenced by the Reynolds number. Moreover, the mean velocity deficit, as shown
in Figure 4.10(a), is consistent over the Reynolds number range. The unchanged vortex
formation length and mean velocity deficit therefore indicates that the position where the
shear layer forms and separates remains unchanged with Reynolds number. This suggest,
that unlike the bare cylinder as shown in Figure 4.9, the fins have a greater influence in
modulating the flow development than the Reynolds number. These measurements were
repeated for the other finned cylinders as well, but the outcome of the results did not
change.
4.4.2 Effect of Angular Orientation
Figure 4.11 displays the planar velocity measurements conducted at three different an-
gular orientations with respect to flow for Finned Cylinder I. The 0◦ angular orientation
is an arbitrary reference angle. The other angular orientations are measured relative to
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Figure 4.9: Averaged contours of the X − Y planar flow field measurements for the case
of a bare cylinder at different Reynolds numbers (a) Mean velocity deficit (U/Umean) (b)
Overall turbulence intensity (u′/Umean) (c) Turbulence intensity at the vortex shedding
frequency (u′(fv)/Umean); solid line represents equivalent diameter (Deq)
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Figure 4.10: Averaged contours of the X −Y planar flow field measurements, performed
for the case of Finned Cylinder I at an angular orientation of 67.5◦ at various Reynolds
numbers (a) Mean velocity deficit (U/Umean) (b) Overall turbulence intensity (u
′/Umean)
(c) Turbulence intensity at the vortex shedding frequency (u′(fv)/Umean); solid line rep-
resents equivalent diameter (Deq), dotted line represents root diameter (Dr), dashed line
represents fin diameter (Df )
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the 0◦ reference angle. It can be seen from Figure 4.11 that, at all the angular orienta-
tions, the vortex formation length is elongated as compared to the bare cylinder (refer
to Figure 4.9). Moreover, the mean velocity deficit as well as the wake spread is larger.
Furthermore, the overall turbulence intensity and the turbulence intensity extracted at
the vortex shedding frequency is much weaker to what has been shown for the case of
the bare cylinder. However, these wake characteristics are also shown to be dependent
on the finned cylinder’s orientation. For instance, as shown in Figure 4.11(a), rotating
Finned Cylinder I 67.5◦ about its axis causes a decrease in the mean velocity deficit as
well as a decrease in the wake width. This decrease is also accompanied by a smaller vor-
tex formation length, as shown in Figure 4.11(b). The most notable change however, is
the turbulence intensity extracted at the vortex shedding frequency. As shown in Figure
4.11(c), rotating the finned cylinder 67.5◦ about its axis causes close to a 50% increase in
the turbulence intensity extracted at vortex shedding frequency, which results in a 50%
increase in the vortex shedding strength. This increase in the vortex shedding strength is
a result of a change in the flow trajectory, causing an increase in the interaction between
opposing vortices. Rotating the finned cylinder another 22.5◦ causes another change in
the flow development. As shown in Figure 4.11(a), at an angular orientation of 90◦, there
is a considerable increase in the velocity deficit, exceeding what has been shown at the
0◦ reference angle. Moreover, at the angular orientation there is an increase in the vortex
formation length, and a decrease in the overall turbulence intensity. Furthermore, the
turbulence intensity extracted at the vortex shedding frequency reduces to levels close to
what has been observed at the 0◦ reference angle. The changes observed in the flow devel-
opment at the three different angular orientation is a result of a change in the shear layer
separation. In the cases where the vortices form further downstream from the cylinder
base are associated with an early shear layer separation. The early shear layer separation
could be a consequence of a change in the shear layer formation due to a change in the
fins orientation, or a change in the fin crimps’ position. It is also important to note that
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although the flow patterns changed at different angular orientations, the vortex shedding
frequency did not.
4.5 Spanwise Flow Coherence
To investigate the influence of spiral fins on the spanwise flow structure, spanwise flow
coherence measurements were performed. To determine the vertical (Y ) position where
the spanwise flow coherence measurements should be performed, two hot-wire probes were
traversed across the wake. This was done as a means of findings the vertical position that
measures the highest spanwise correlation coefficient. To obtain a reasonable variation in
the correlation coefficient measured between the two hot-wire signals, the two hot-wire
probes were placed 38.1 mm (1.5 inch) apart in the spanwise (Z) direction. Figure 4.12
shows the transverse correlation coefficient for Finned Cylinder I, measured at different
angular orientations and compared against a bare cylinder. As shown in Figure 4.12, the
peak correlation coefficient varies with the spirally finned cylinder’s angular orientation
with respect to flow. However, the vertical position where the peak correlation coefficient
occurs (Y/Deq ≈ 1.4) does not show to deviate with orientation. This therefore indicates
that the vertical position where the peak correlation coefficient occurs is not dependent
on the spirally finned cylinder’s angular orientation. In the case of the bare cylinder,
the peak correlation coefficient occurs at Y/Deq ≈ 2, which agrees with what been found
in literature [86]. Although some variations were observed in the peak position and
magnitude between the two cylinders shown in Figure 4.12, their trends are similar. As
shown in Figure 4.12, as the two hot-wire probes advance towards the wake centerline, the
correlation coefficient measured between the two hot-wire probes for both cases quickly
deteriorates. This is likely to do with the highly chaotic nature of the wake. These
measurements were repeated with the other finned cylinders as well. For each case,
the vertical point where the peak correlation coefficient occurs was the point where the
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Figure 4.11: Averaged contours of the X −Y planar flow field measurements, performed
for the case of Finned Cylinder I at different angular orientation (a) Mean velocity deficit
(U/Umean) (b) Overall turbulence intensity (u
′/Umean) (c) Turbulence intensity at the
vortex shedding frequency (u′(fv)/Umean); peformed at ReDeq = 3.5× 104; solid line
represents equivalent diameter (Deq), dotted line represents root diameter (Dr), dashed
line represents fin diameter (Df )
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Figure 4.12: Transverse correlation coefficient measured between two hot-wire probes at
a downstream distance of X/Deq = 1.17 and ReDeq = 3.5× 104 for a bare cylinder and
Finned Cylinder I at different angular orientations with respect to flow
spanwise correlation measurements were performed.
Figure 4.13 shows the spanwise correlation measurements conducted at the vertical
position that measured the highest vertical correlation coefficient for each case. These
measurements were performed at a distance of X/Deq = 1.17 downstream of the cylinder’s
centerline, and at ReDeq = 3.5× 104. Moreover, the results observed in Figure 4.13 are
shown for the angular orientation that measured the highest spanwise flow coherence
for each spirally finned cylinder. The results obtained for the case of the bare cylinder
agrees with what has been found in the literature [6, 86]. As shown in Figure 4.13,
the spirally finned cylinder with the largest fin spacing (Finned Cylinder I) exhibits the
lowest spanwise flow coherence. As the fin spacing reduces, the spanwise flow coherence
gradually improves, progressively approaching a spanwise flow coherence of that shown
for the case of the bare cylinder. Finned Cylinder IV is observed to display the highest
spanwise flow coherence. These measurements conform well to what was observed in
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Figure 4.13: Spanwise flow coherence for each cylinder performed at a transverse position
that gave the highest transverse correlation and measured at a downstream distance of
X/Deq = 1.17 and ReDeq = 3.5× 104. Measurements shown at the angular orientation
that measured the highest spanwise flow coherence
Figure 4.5. This therefore indicates, with the exception of Finned Cylinder IV, that the
addition of spiral fins reduces the spanwise flow coherence, as a result of a weakened
vortex shedding process (refer to Figure 4.5). In the case of Finned Cylinder IV, the
turbulence intensity measured at the vortex shedding frequency, as shown in Figure
4.5(c), was higher than what has been measured for the case of the bare cylinder. This
resulted in a higher spanwise flow coherence. The reason for this is because, as the
fin spacing reduces, the turbulence intensity becomes more concentrated at the vortex
shedding frequency (refer to Figure 4.6). Furthermore, as a result of decreasing the fin
spacing, the two-dimensionality of the flow field increases. Eventually, at a critical fin
spacing, as shown for the case of Finned Cylinder IV, the flow field in the wake of the
spirally finned cylinders becomes highly organized, exceeding the flow coherence exhibited
by the bare cylinders.
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Figure 4.14: Spanwise flow coherence for Finned Cylinder I at different angular orienta-
tions performed at a transverse position that gave the highest transverse correlation and
measured at a downstream distance of X/Deq = 1.17 and ReDeq = 3.5× 104
4.5.1 Effect of Angular Orientation
The effect of the angular orientation with respect to flow in the case of Finned Cylin-
der I is shown in Figure 4.14. As observed in Figure 4.14 there are some variations
in the spanwise flow coherence at different angular orientations. These variations are
likely caused by a change in the shear layer formation and separation along the finned
cylinder’s span, as result of a change in the spanwise position of the fins and fin crimps,
respectively. Spanwise coherence measurements at different angular orientations with
respect to flow were also performed for the non-crimped spirally finned cylinder, Finned
Cylinder V. Although some variations were observed in the velocity profile at different
angular orientations (not shown in this thesis), no differences were observed in the span-
wise flow coherence. This suggests that the variations that were observed in the velocity
measurements for the case of Finned Cylinder V, were a result of the geometric position
of the fins with respect to the hot-wire and not as a result of changes in the overall vortex
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shedding process. In the case of the crimped spirally finned cylinders, Finned Cylinders
I-IV, the vortex shedding process will change depending on the axial position of the fins
and fin crimps, as has been shown in Figure 4.14.
4.6 Summary and Conclusion
In this chapter the near-wake flow characteristics were investigated for both the spirally
finned cylinders and bare cylinders. It was observed that the addition of spirally fins
with crimps create an additional flow blockage. As a result of this none of the equivalent
diameter equations were sufficient in predicting the vortex shedding frequency. Therefore,
a modified equivalent diameter was proposed in this section in order to better estimate the
vortex shedding frequency generated from the crimped spirally finned cylinders. It was
found that the modified equivalent diameter equation was shown to not only reasonably
estimate the vortex shedding frequency, however, also capture the pressure drop caused
by the addition of fin crimps. For the case of the non-crimped spirally finned cylinder, the
effective diameter equation proposed by Mair et al. [40] was able to sufficiently represent
its equivalent diameter.
From the near-wake measurements it was found that the addition of spiral fins causes
a reduction in the strength and coherence of the vortex shedding process. Moreover, the
addition of spiral fins causes an elongation in the vortex formation length. These changes
originated due to changes in the shear layer formation, resulting in an earlier shear layer
separation. Reduction in the fin spacing was shown to cause a gradual increase in the
strength and coherence of the vortex shedding process. This was because the broad band
variations in the turbulent energy became more concentrated at the vortex shedding
frequency, due to an increase in the two-dimensionality of the flow field. Eventually, at
a critical fin spacing, the vortex shedding strength and flow coherence exceeded that of
the bare cylinder. It was found that reduction in the fin spacing led to a decrease in the
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vortex formation length, which suggests that decreasing the spirally fin spacing causes a
delay in the shear layer separation. For the case of the spirally finned cylinders, unlike
the bare cylinder, the changes in the near-wake flow characteristics were unaffected by
the changes in the Reynolds number. However, rotating the spirally finned cylinders
about their axis caused some notable changes in the vortex shedding process. This was
a result of changes in the shear layer formation and separation caused by the changes in
the fins and fin crimps’ axial position. These changes were more pronounced for the case
of the spirally finned cylinders with fin crimps.
Chapter 5
Aeroacoustic Response of Finned
Cylinders
In order to investigate the flow-sound interaction mechanism of spirally finned cylinders,
both the near-wake flow characteristics and the aeroacoustic response of the spirally
finned cylinders need to be investigated. In the previous chapter, the flow field in the
near-wake of the finned cylinders were characterized. In this chapter, the aeroacoustic
response of the spirally finned cylinders during flow-excited acoustic resonance will be
conducted. The results obtained from the previous chapter will be used to partially ex-
plain the aeroacoustic response of the spirally finned cylinders during flow-excited acous-
tic resonance. The second portion of this chapter will look into the effect of the spirally
finned cylinders on the acoustic particle velocity distribution during acoustic resonance
excitation. As previously stated and shown in the literature, the mechanism behind the
flow-acoustic coupling is the acoustic particle velocity. Therefore, any changes in the
acoustic particle velocity distribution could potentially influence the sound generated
during acoustic resonance excitation. In the final part of this chapter, the effect of the
angular orientation on the aeroacoustic response during flow-excited acoustic resonance
will be discussed. The results obtained from this chapter combined with the results ob-
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tained from the previous chapter will allow for a more comprehensive understanding on
the flow-sound interaction mechanism of spirally finned cylinders in cross-flow.
5.1 Flow-Excited Acoustic Resonance
Before proceeding to the aeroacoustic response of the spirally finned cylinders, the aeroa-
coustic response of a bare cylinder is performed and compared to what has been found in
the literature. The aeroacoustic response of a cylinder defines the connection between the
acoustic pressure, the vortex shedding process, and the flow velocity [3]. The recorded
microphone signal at each flow velocity is analyzed to show the dominant peak(s) in the
frequency spectrum (refer to Figure 3.8). The dominant peak in the frequency spectrum
corresponds to the vortex shedding frequency. Each peak at each flow velocity is recorded
and displayed by plotting it onto a graph. Figure 5.1 shows a three-dimensional water-
fall plot of the acoustic pressure spectra for a 25.4 mm (1 inch) diameter bare cylinder
exposed to cross-flow. As shown in Figure 5.1, a linear progression in the vortex shed-
ding frequency is shown with increases in flow velocity. The linear progression continues
until the vortex shedding frequency coincides with the first acoustic cross-mode. This
phenomenon is known as the lock-in region. During lock-in, the acoustic pressure signif-
icantly increases due to a feedback mechanism between the vortex shedding sound and
acoustic standing wave [51]. With an increase in the flow velocity, the vortex shedding
process will remain locked-in with the first acoustic mode. Further increase in the flow
velocity will eventually cause the vortex shedding process to exit the lock-in region. At
this point the acoustic pressure will significantly decrease and the vortex shedding fre-
quency will return to increasing linearly with flow velocity.
Figure 5.2 shows the aeroacoustic response of a 25.4 mm (1 inch) diameter bare
cylinders obtained by extracting the acoustic pressure (Prms) from the vortex shedding
peak (fv) at each flow velocity (Umean) from Figure 5.1. As shown in Figure 5.2(a),
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Figure 5.1: 3D waterfall plot of the acoustic pressure spectra for a single bare cylinder
in cross-flow, D = 25.4 mm
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the vortex shedding frequency increases linearly with increases in the flow velocity. The
Strouhal number estimated from the linear regression model is St = 0.197, which agrees
well with the predicted Strouhal number for the case of a bare, circular cylinder exposed
to a cross-flow [47]. The vortex shedding frequency progresses linearly with increases
in the flow velocity until the vortex shedding frequency coincides with the first acoustic
cross-mode. This occurs at a flow velocity of about 80 m/s. At this point, the vortex
shedding frequency locks-in with the fundamental acoustic cross-mode, and the onset of
flow-excited acoustic resonance is initiated. During lock-in, a substantial rise in acoustic
pressure is generated. The peak acoustic pressure occurs at a flow velocity of about 90
m/s, with an acoustic pressure magnitude of 1948 Pa, as shown in Figure 5.2(b). This
corresponds to a sound pressure level (SPL) of 159.7 dB. The vortex shedding process
remains locked-in with the fundamental acoustic cross-mode until a flow velocity of ap-
proximately 100 m/s, at which after this point, the vortex shedding process exits the
lock-in region. After the vortex shedding process exits the lock-in region, the acoustic
pressure diminishes and a linear progression in the vortex shedding frequency with in-
creases in flow velocity is re-initiated.
The aeroacoustic response of the 25.4 mm (1 inch) diameter bare cylinder shown
in Figure 5.2 is in good agreement to the results found in the literature, as shown in
Figure 5.3. The onset, the lock-in width, and the generated acoustic pressure during
flow-exicted acoustic resonance are nearly the same. In order to make a fair comparison,
the data shown in Figure 5.3 was normalized, as both experiments were performed in
different test sections, with slightly different duct dimensions. To normalize the flow ve-
locity, the reduced velocity (Ur) was used (refer to Equation 2.18). The reduced velocity
removes the effect of the cylinder diameter and the fundamental acoustic cross-mode, so
that different lock-in regions with different cylinder diameters, and cylinders tested in
different test sections can be compared. The normalized acoustic pressure (P ∗) (refer to
Equation 2.19) is used to remove the effect of the dynamic head that is essential to the
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Figure 5.2: Aeroacoustic response of a single bare cylinder in cross-flow where, D = 25.4
mm
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acoustic excitation in different cylinders. By using the outlined normalization scheme, a
fair comparison can be made with cylinders of different diameters, as shown in Figure
5.4. Therefore, this normalization scheme will continue to be used to make comparisons
in the data presented in the rest of this chapter.
The aeroacoustic response of Finned Cylinder IV is shown in Figure 5.5. The reason
Finned Cylinder IV was chosen to be displayed is because it has a modified equivalent
diameter similar to that of the 25.4 mm (1 inch) diameter bare cylinder. As shown in
Figure 5.5, the aeroacoustic response of Finned Cylinder IV is similar to that of the
bare cylinder. The onset of flow-excited acoustic resonance for both Finned Cylinder IV
and the 25.4 mm diameter bare cylinder occur at nearly the same flow velocity. The
Strouhal number estimated from the linear regression model for Finned Cylinder IV is
StDc = 0.205. The fact that both cylinders have nearly the same onset velocity and StDeq
≈ 0.2, fortifies the accuracy of the modified equivalent diameter equation presented in
this thesis. The difference in the response, occurs during acoustic resonance excitation.
During flow-excited acoustic resonance, the peak acoustic pressure in the case of Finned
Cylinder IV is surprisingly much lower than what was measured in the case of the bare
cylinder. Moreover, the width of the lock-in region for Finned Cylinder IV is narrower
than its equivalent diameter bare cylinder. Furthermore, in the case of Finned Cylinder
IV, a secondary peak arises at a flow velocity of approximately 100 m/s. The manifesta-
tion of a secondary peak arising after acoustic resonance excitation is observed not only
for the case of Finned Cylinder IV, but for the other spirally finned cylinders as well.
However, the secondary peak in the case of Finned Cylinder IV is much larger than what
was observed in the other finned cylinder cases.
Figure 5.6 shows the normalized aeroacoustic response of all the finned cylinders
compared to their corresponding equivalent diameter bare cylinder. It is apparent that
the acoustic pressure and the lock-in width during flow-excited acoustic resonance in
the case of the finned cylinders are lower than their equivalent diameter bare cylinder.
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Figure 5.3: Comparison of aeroacoustic response of a 25.4 mm diameter bare cylinder in
cross-flow
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Bare Cylinder D = 19.05 mm
D = 22 mm
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Figure 5.4: Comparison of aeroacoustic response of cylinders with different diameters (a)
Not normalized (b) Normalized
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Figure 5.5: Aeroacoustic response of a single finned cylinder (Finned Cylinder IV) in
cross-flow, Dc = 25.3 mm
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The acoustic pressure and the lock-in width during acoustic resonance excitation does,
however, increase with the reduction in the fin spacing, approaching that exhibited by
their equivalent diameter bare cylinder. This can be seen from the fact that both Finned
Cylinder III and Finned Cylinder V exhibit virtually the same equivalent diameter. Yet,
the aeroacoustic response are different when comparing both cases. When comparing
these two cases, it can be seen that Finned Cylinder V has the largest peak acoustic
pressure and a slightly larger lock-in width during flow-excited acoustic resonance. Simi-
larly, in the cases of Finned Cylinder I and Finned Cylinder II, even though the difference
between the equivalent diameters is minor, there is significant difference in the acous-
tic pressure generated during resonance. The differences in the aeroacoustic response of
the mentioned cases can be partially explained by the variation in the near-wake flow
characteristics. As has been shown in Figure 4.5(c) and Figure 4.13, the vortex shed-
ding strength, and, therefore, the spanwise flow coherence increases with reduction in fin
spacing. However, with the exception of Finned Cylinder IV, in all the spirally finned
cylinder cases, the vortex shedding strength and spanwise flow coherence were lower than
what has been observed for the case of the bare cylinder. These results agree with what
has been measured during acoustic resonance excitation. However, the near-wake flow
measurements do not explain the differences in the lock-in width during flow-excited
acoustic resonance. Moreover, the significant difference in the acoustic pressure gener-
ated during resonance observed in the cases of Finned Cylinder I and Finned Cylinder
II cannot be explained by the near-wake flow measurements as both nearly exhibit the
same flow characteristics. Furthermore, although Finned Cylinder IV measured higher
spanwise flow coherence and turbulence intensity at the vortex shedding frequency, the
acoustic pressure generated during flow-excited acoustic resonance was still lower than
its equivalent diameter bare cylinder. It is therefore crucial to discuss the theory of aero-
dynamic sound and how the flow instabilities are coupled with the acoustic field.
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Figure 5.6: Normalized aeroacoustic response of all the spirally finned cylinders compared
against their corresponding equivalent diameter bare cylinder
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5.1.1 Generation of Aerodynamic Sound
According to Howe’s theory of aerodynamic sound [33] (refer to Equation 2.17), in order
to understand the energy transfer between the flow field and the sound field, it is crucial
to understand the triple product (~ω · (~u×~v)). An interpretation of the triple product is
shown in Figure 5.7. Consider a case, as described by Mohany and Ziada [48], where the
flow vector ~u is perpendicular to the acoustic particle velocity vector ~v. In this example,
the angle between the flow vector and the acoustic particle velocity vector would be 90◦
in the first half, and 270◦ in the second half of the acoustic cycle. Therefore, the cross
product of the flow vector and the acoustic particle velocity vector (~u×~v) would therefore
result in it being in the positive k̂ and negative k̂ direction for the first half and second
half of the acoustic cycle, respectively. Finally, assuming a constant vorticity vector ~ω in
the positive k̂ direction over a complete acoustic cycle, the angle between ~ω and ~u×~v is 0◦
and 180◦ in the first half and second half of the acoustic cycle, respectively. In this case,
because the direction of ~u×~v is parallel to ~ω, a “perfect” lock-in between the acoustic
field and vorticity field can be achieved. Therefore, if the vorticity field and acoustic
field are sufficiently strong, a strong feedback mechanism between the vorticity field and
acoustic field can be achieved and sustained over a wide range of flow velocities. This is
observed in the case of the bare cylinders, shown in Figure 5.6.
In the case of the spirally finned cylinders, due to the helical and inclined nature of the
fins, the acoustic field surrounding the spirally finned cylinders could behave differently.
In order to visualize the acoustic particle velocity distribution surrounding the spirally
finned cylinders whilst enclosed in a duct, a three-dimensional finite element analysis was
developed. The finite element analysis solves the three-dimensional wave equation within
the volumetric confines of the duct enclosure, whilst taking into account the boundaries






−∇2Pa = 0 (5.1)
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Figure 5.7: Interpretation of the triple product ~ω·(~u×~v) in Howe’s theory of aerodynamic
sound
where c and Pa are the speed of sound and acoustic pressure distribution in a duct,
respectively. The acoustic modes inside the duct are calculated by assuming that the
acoustic modes oscillate over time with a simple harmonic motion. This is as represented
in the following equation:
Pa(tm) = Pa·ei(2πftm) (5.2)
where Pa represents the amplitude of the resonant acoustic pressure [43]. The combina-
tion of Equations 5.1 and 5.2 results in what is known as the Helmholtz equation;
k2Pa +∇2Pa = 0 (5.3)
where k = 2πf/c represents the wave number [35]. The Helmholtz equation is used to
solve the three-dimensional normalized acoustic pressure distribution inside of a duct
at the various resonant modes. From the gradient of the acoustic pressure field, the
acoustic particle velocity distribution can be determined by applying Euler’s equation.
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The duct was assumed to incorporate an open-open end condition. This essentially
mean that the acoustic pressure at both the inlet and outlet are set to zero. The distance
between the cylinder centerline and inlet/outlet is set to have a length ≈ 70Deq so that
the end conditions do not influence the acoustic pressure distribution surrounding the
cylinder. In this study only the acoustic particle velocity distribution of the fundamental
acoustic cross-mode was investigated. The fundamental acoustic cross-mode calculated
from the finite element model for Finned Cylinder I was 675.24 Hz, which corresponds
to a 0.025% error compared to the experimentally determined value.
Figure 5.8 shows the normalized acoustic field in the mid X -Y plane for a bare
cylinder and Finned Cylinder I. As shown in Figure 5.8, the bare cylinder clearly exhibits
a stronger acoustic field than Finned Cylinder I. It is clear in the case of Finned Cylinder
I that the acoustic field is so weak that it is almost non-existent. Front and top view
streamtraces of the acoustic particle velocity pathlines surrounding both cylinders are
displayed in Figure 5.9 and 5.10, respectively. As shown in Figure 5.9 and 5.10 for the
case of the bare cylinder, the acoustic particle velocity is distributed perpendicular to the
cylinder axis. In the case of Finned Cylinder I, it is apparent that there is a deviation in
the surrounding acoustic field. Furthermore, it is clear that the acoustic particle velocity
deviates along the spiral fins. The fact that the acoustic particle velocity deviates along
the fins suggests that the lead angle of the fins affects the surrounding acoustic field. The
lead angle is defined as the angle between the spiral fin and the line normal to the cylinder
axis. Therefore, it can be interpreted that the larger the lead angle, the larger the spiral
fins influences the surrounding acoustic field. The weakened acoustic field caused by
the spiral fins, hinders the flow-acoustic coupling. The reason for this goes back to the
triple products in Howe’s theory of aerodynamic sound. An interpretation of the triple
product in the case of the spirally finned cylinders is shown in Figure 5.11. As observed
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(a)
(b)
Figure 5.8: Normalized acoustic particle velocity distribution on the X -Y plane at Z/Deq
= 0 (a) Bare cylinder (b) Finned Cylinder I
in Figure 5.11, if there is an inclination in the acoustic particle velocity vector, then
the resultant cross-product between the acoustic particle velocity vector and the flow
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(a)
(b)
Figure 5.9: Front view streamtraces of normalized acoustic particle velocity distribution
(a) Bare cylinder (b) Finned Cylinder I
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vector would be inclined about the î axis, in the k̂ direction, with an angle equivalent
to the inclination of the acoustic particle velocity vectors. Due to this, the vorticity
vector and the resultant cross-product would not be parallel, and therefore impeding the
coupling between the vorticity field and the acoustic field. As a result, the energy transfer
between the flow field and the sound field will be hindered, and thus, the lock-in region
is shortened and the acoustic pressure during acoustic resonance excitation is lowered.
The hindered energy transfer between the flow and sound field is apparent in the case of
Finned Cylinder I, where a weak vortex shedding process is not completely responsible
for the severe attenuation in the sound pressure during flow-excited acoustic resonance.
However, the disrupted acoustic field caused by the large fin lead angle is also partially
responsible for suppressing the acoustic pressure during acoustic resonance excitation.
Moreover, both Finned Cylinder I and II were found to have nearly the same vortex
shedding strength. The difference in the acoustic pressure could therefore be attributed
to the the disturbance in the acoustic field in the case of Finned Cylinder I as compared
to Finned Cylinder II; which may indicate that the there is a transitional point where at
a certain acoustic particle velocity inclination, the vortex shedding process cannot lock-
in to the acoustic resonant mode, resulting in a substantial attenuation in the acoustic
pressure, as shown for the case of Finned Cylinder I.
In the case of the finned cylinders, the disrupted acoustic field is just an aspect of the
attenuated sound pressure during flow-excited acoustic resonance. The other aspect is
the vortex formation length. As shown in Figure 4.7, Finned cylinders exhibit a longer
vortex formation length as compared to the bare cylinder, and because of this, the flow-
acoustic coupling will occur further downstream. Observed in Figure 5.8, the region
which exhibits the highest acoustic particle velocity distribution is the region closest
to the cylinder base. Therefore, for the case of the finned cylinders, the flow-acoustic
coupling will occur at a weakened point in the acoustic field. Not only that, because the
spirally finned cylinders has been observed to disrupt the acoustic field (refer to Figure
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5.8), the flow-acoustic coupling will occur in a weakened state. Both, the combination
of a hindered acoustic field and an elongated vortex formation length, will result in the
attenuation of acoustic pressure generated during flow-excited acoustic resonance.
5.1.2 Effect of Angular Orientation of Spirally Finned Cylinders
during Acoustic Resonance
Figure 4.14 showed that the angular orientation of Finned Cylinder I with respect to
the direction of flow, influenced the spanwise flow coherence. The angular orientation
that observed to produce the highest and lowest spanwise flow coherence were tested
during acoustic resonance excitation for the case of Finned Cylinder IV. This is shown
in Figure 5.12. As observed in Figure 5.12(a), the angular orientation that generated
the highest spanwise flow coherence also showed to generate higher acoustic pressure
during flow-excited acoustic resonance. This was observed for all the crimped spirally
finned cylinders (Finned Cylinders I -IV). The spirally finned cylinder that did not show
any difference in the generated acoustic pressure during acoustic resonance excitation at
different angular orientations was Finned Cylinder V. This was expected as the spanwise
flow coherence did not deviate with changes in its angular orientation. In the case of the
crimped spirally finned cylinders (Finned Cylinder I - IV), the changes in the acoustic
pressure during resonance is a result of changes in the vortex features in the near-wake
at different angular orientations. As previously mentioned, the change in the resultant
vortex features in the crimped spirally finned cylinders’ wake is due to changes in the
shear layer formation and separation along the finned cylinders’ span. This is because of
the geometric changes in the axial position of the fins and fin crimps. It has been shown
in the literature that during acoustic resonance excitation, a more two-dimensional flow
field is achieved [7]. However, in order to produce the more two-dimensional flow field,
some energy from the resonant sound field is used to synchronize the vortex shedding
process along the span of the cylinder. Assuming that rotating the crimped spirally
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(a)
(b)
Figure 5.10: Top view streamtraces of normalized acoustic particle velocity distribution
(a) Bare cylinder (b) Finned Cylinder I
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Figure 5.11: Interpretation of the triple product ~ω·(~u×~v) in Howe’s theory of aerodynamic
sound in the case of a spirally finned cylinder
finned cylinders does not effect the surrounding acoustic field, the angular orientation
that produces a weaker vortex shedding process would require more energy from the
resonant sound field to correlate the spanwise vortex shedding process. As a result of
this, lower acoustic pressure is generated during acoustic resonance excitation.
5.2 Summary and Conclusion
This chapter presented an experimental investigation on the aeroacoustic response of the
spirally finned cylinders. It was observed that the spirally finned cylinder attenuates
the acoustic pressure during acoustic resonance excitation. Moreover, the lock-in width
during acoustic resonance excitation was shown to be much narrower than the lock-in
width exhibited by their equivalent diameter bare cylinders. Reduction in the spirally
finned cylinder’s fin spacing led to an increase in the acoustic pressure during flow-excited
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Finned Cylinder IV - 45◦
Finned Cylinder IV - 22.5◦












Finned Cylinder IV - 45◦
Finned Cylinder IV - 22.5◦
Figure 5.12: Effect of angular orientation of Finned Cylinder IV on (a) Spanwise coher-
ence (b) Normalized aeroacoustic response
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acoustic resonance, as well as a slight increase in the lock-in width. Two mechanisms are
responsible for attenuating the sound pressure during acoustic resonance excitation for
the case of the spirally finned cylinders. The first mechanism is the elongated vortex for-
mation length, and disrupted vortex shedding process. The region of maximum acoustic
particle velocity is closest to the cylinder, and therefore, an elongated vortex formation
length and disrupted vortex shedding process would result in a weaker coupling between
the flow field and the acoustic field. The second mechanism is the inclination in the
acoustic particle velocity field caused by the spirally finned cylinders. This inclination
reduces the strength of the surrounding acoustic field during resonance. The combina-
tion of these mechanisms results in a substantial attenuation during flow-excited acoustic
resonance.
It was also observed that the angular orientation of the crimped spirally finned cylin-
ders influences the generated acoustic pressure during acoustic resonance excitation. This
is because different angular orientations influences the resultant vortex shedding process.
For the case of the spirally finned cylinder with fin crimps, the acoustic pressure did not
change with angular orientation.
Chapter 6
Noise Control Techniques
6.1 Dual Diameter (Step Cylinder)
A dual diameter (step) cylinder is a bare cylinder made up of two cylinders with differ-
ent diameters. In this study, the dual diameter cylinders were investigated to see the
feasibility of having different diameters across the span of a cylinder in suppressing the
acoustic pressure generated during acoustic resonance excitation. For this purpose both
the wake development and the aeroacoustic response of dual diameter cylinders are inves-
tigated. Three dual diameter cylinders are studied. Two of the dual diameter cylinders
(Step Cylinder I and Step Cylinder II) have a small diameter cylinder at the center of
a larger diameter cylinder. The other dual diameter cylinder (Step Cylinder III) has
a larger diameter at the center of a smaller diameter cylinder. The range of diameter
ratios investigated are 0.5 ≤ Dcen/Dside ≤ 2, and the aspect ratio of the center diameter
cylinder investigated are 3 ≤ Lcen/Dcen ≤ 6, where the variables Dcen and Dside denote
the cylinder diameter at the center and at the sides, respectively. A schematic of the
dual diameter cylinders are shown in Figure 6.1. Table 6.1 shows the dimensions of the
dual diameter cylinders investigated.
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Figure 6.1: Schematic of a dual diameter cylinder
Table 6.1: Dimensions of the dual diameter cylinders investigated in this study. All
dimensions are listed in millimeters (mm).
Step Cylinder I Step Cylinder II Step Cylinder III
L 127 127 127
Lcen 76.2 76.2 76.2
D cen 19.05 12.7 25.4
Dside 22.2 25.4 12.7
Davg 20.1 18.8 21.3
6.1.1 Near-Wake Flow Characteristics of a Dual Diameter Cylin-
der
Figure 6.2 shows the cross-wake velocity profiles of all the step cylinder cases compared
to a uniform diameter bare cylinder. The cross-wake velocity measurements shown in
Figure 6.2 were performed at the center diameter cylinder (Z/Davg = 0) at a downstream
position of X/Davg = 1.3 from the cylinder centerline, and at ReDavg = 3.2× 104. The
transverse (Y ) positions were normalized by the center diameter cylinder (Dcen) for each
step cylinder case. As observed in Figure 6.2(a), with an introduction of a small step
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(Dcen/Dside = 0.88), as shown for the case of Step Cylinder I, the mean velocity deficit
and the wake width slightly increases compared to the uniform diameter bare cylinder.
The introduction of a small step also causes a drop in the turbulence intensity in the
wake and minor decrease in the peak turbulence intensity, as depicted in Figure 6.2(b);
and a decrease in the vortex shedding strength, as illustrated in Figure 6.2(c). Further
increase in the step, as shown for the case of Step Cylinder II and Step Cylinder III,
leads to a further increase in the velocity deficit. This is also accompanied by a severe
decrease in the overall turbulence intensity, and vortex shedding strength. As has been
previously shown in Chapter 4 Section 4.2 Figure 4.7, the increase in the mean velocity
deficit and the decrease in the overall turbulence intensity along the wake centerline is
a by-product of an increased vortex formation length. Moreover, the weakened vortex
shedding strength suggests that the vortices developed along the cylinder span influences
the overall vortex shedding strength.
Figure 6.3 and Figure 6.4 shows the spanwise velocity spectra and spanwise flow
coherence measured across the span of the dual diameter cylinders. The spanwise velocity
spectra was performed to see at what frequency the turbulence intensity is concentrated
at. This would give a general idea of how the vortices develop at different regions across
the span of the dual diameter cylinders. As shown in Figure 6.3, the uniform diameter
bare cylinder exhibits fairly distinct peaks at the vortex shedding frequency (StDavg ≈
0.2) across its span. This would indicate that the vortex shedding process is relatively
coherent, which is observed to be the case from the spanwise correlation measurements
shown in Figure 6.4. With an introduction of a small step (Dcen/Dside = 0.88), as shown
for the case of Step Cylinder I, the vortex shedding frequency slightly changes at different
spanwise regions. This is shown by the small deviation in the Strouhal number at different
regions across the span of Step Cylinder I. Moreover, it can also be seen that the peaks at
the vortex shedding frequency is slightly wider than that exhibited by the bare cylinder.
This would suggest that the turbulence intensity is not fully concentrated at the vortex
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Figure 6.2: Step cylinder normalized velocity profiles of (a) Mean velocity deficit (b)
Overall turbulence intensity (c) Turbulence intensity at the vortex shedding frequency;
performed at ReDavg = 3.2× 104 at a downstream distance of X/Davg = 1.3
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shedding frequency, but slightly dispersed over a band of frequencies around the vortex
shedding frequency. This would result in a slightly weaker spanwise vortex shedding
process compared to the uniform diameter bare cylinder, as shown in Figure 6.4. Further
increase in the step size to either Dcen/Dside = 0.5 or Dcen/Dside = 2, in the case of Step
Cylinder II or Step Cylinder III, respectively, appears to cause a significant reduction
in the turbulence intensity concentrated at the vortex shedding frequency. In the case
of Step Cylinder II, it is evident that vortices with different vortex shedding frequencies
exist across the cylinder’s span. This is shown by the large variation in the Strouhal
number where the turbulence intensity is concentrated. Between the spanwise distances
of 0 ≤ Z/Davg ≤ 1.6, the vortex shedding frequency corresponds to the vortex shedding
frequency propagating from the center diameter cylinder. At the step boundary (Z/Davg
≈ 1.6), there is a sudden transition in the peak turbulence intensity from a Strouhal
number of StDavg ≈ 0.3 to StDavg ≈ 0.13. For a dual diameter cylinder within the same
aspect ratio of Step Cylinder II (L/Davg = 6), the intermittent switching in the vortex
shedding frequency between vortices propagating from the center diameter and the side
diameter at the step boundary was illustrated in the flow visualization measurements of
Morton and Yarusevych [52]. From their flow visualizations, they found that the vortices
propagating from the center diameter cylinder do not form direct connection with the
vortices propagating from the side diameter cylinder, until about X/Dcen ≈ 3. In the
case of Step Cylinder III, the vortices propagating from the side diameter cylinder at
Z/Davg ≥ 2, cannot be detected. The lack of a distinct vortex shedding peak, as well
as the large variation in the vortex shedding frequency across the span of Step Cylinder
II and III, causes a notable reduction in the vortex shedding strength and spanwise flow
coherence as shown in Figure 6.2 and 6.4, respectively.
Figure 6.5 shows a contour map of the Strouhal number for Step Cylinder II and
compared against a uniform diameter bare cylinder. The Strouhal number contour map
was developed by traversing a single hot-wire probe along the cylinder’s span, at multiple
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Figure 6.3: Normalized spanwise velocity spectra measured at X/Davg = 1.3 and at
Y/Davg = 2 and ReDavg = 3.2× 104
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Figure 6.4: Step cylinder spanwise flow coherence measured at Y/Davg = 2, at a down-
stream distance of X/Davg = 1.3 and ReDavg = 3.2× 104
downstream distances, and at the same transvere position where the spanwise coherence
measurements were performed. In the case of the uniform diameter bare cylinder, the
Strouhal number is around StDavg ≈ 0.2, which is as expected. However, for the case of
Step Cylinder II, it is clear that vortices developing from the center diameter and side
diameter cylinder are different. Furthermore, similar to what was observed in Figure 6.3,
the transition between the two shedding frequencies is sudden. It can also be seen that
the boundary between the two vortex shedding frequencies does not occur directly at
the step, however, it is deflected towards the center diameter cylinder, near the steps. It
is further illustrated that vortices propagting from the side diameter cylinder, expands
towards the center diameter cylinder. Although the step cylinder shown in Figure 6.5
is different than the step cylinders used in the work of Morton and Yarusevych [53],
the flow behaviour is quite similar when comparing step cylinders with the same center
diameter aspect ratio (Lcen/Dcen = 6). In both cases, the flow expands laterally from
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the large diameter cylinder (side diameter cylinder in the case of Step Cylinder II) to
the smaller diameter cylinder (center diameter cylinder in the case of Step Cylinder II).
The lateral boundary between the two vortex shedding structures is attributed to the
shear layer formation and separation at the side of the side diameter cylinder. The
low flow coherence observed in the case of the step cylinders is likely a result of the
lateral expansion from the larger diameter cylinder to the smaller diameter cylinder.
This expansion causes a disruption in the overall vortex shedding development, leading
to a weaker and less coherent vortex shedding process in the case of the step cylinders,
as shown in Figure 6.2 and Figure 6.4, respectively.
6.1.2 Aeroacoustic Response of a Dual Diameter Cylinder
The acoustic pressure spectra before resonance for the step cylinders is shown in Figure
6.6, and compared against a uniform diameter bare cylinder. From the figure, it is
observed that there is a single, well defined vortex shedding peak, concentrated at StDavg
≈ 0.2 for the case of the bare cylinder. In the case of the step cylinders, the energy is
not concentrated at a single vortex shedding peak like the bare cylinder. It is, however,
distributed amongst a band of frequencies centered about two peaks located at two
varying frequencies. Moreover, the two vortex shedding peaks are not centered between
the expected Strouhal number of StDavg = 0.2. Both vortex shedding peaks are shown
to deviate away from the expected Strouhal number. This deviation is more pronounced
with an increase in the step. Furthermore, with an increase in the step, the frequency
difference between the two vortex shedding peaks deviate further apart. This causes the
energy content to be distributed over a larger band of frequencies. Thus, during acoustic
resonance excitation, as shown in Figure 6.7, both vortex shedding frequencies resonant
separately at different flow velocities with significantly lower acoustic pressure.
The normalized aeroacoustic response of the dual diameter cylinders compared
against a uniform diameter bare cylinder are shown in Figure 6.8. With an inclusion
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Figure 6.5: Strouhal number contour map for the case of (a) Bare cylinder (b) Step
Cylinder II; performed at Y/Davg = 2, and at ReDavg = 3.2× 104
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Figure 6.6: Acoustic pressure spectra before acoustic resonance excitation for the case of
the uniform diameter bare cylinder and step cylinders
Figure 6.7: 3D waterfall plot of the acoustic pressure for the case of Step Cylinder II
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Step Cylinder II:1st Peak
Step Cylinder II:2nd Peak
Step Cylinder III
Figure 6.8: Normalized aeroacoustic response of step cylinders compared against a uni-
form diameter bare cylinder
of a small step, as shown for the case of Step Cylinder I, the peak acoustic pressure
generated during flow-excited acoustic resonance slightly decreases as compared to a
uniform diameter bare cylinder. Further increase in the step as shown for the case of
Step Cylinder II and Step Cylinder III, shows to result in a more substantial attenuation
in the peak acoustic pressure during acoustic resonance excitation. The aeroacoustic
response shown in Figure 6.8 agrees with what was shown in Figure 6.2 and Figure 6.4.
6.2 Non-Uniform Fin Density Spirally Finned Cylin-
der
The cross-wake and acoustic response measurements obtained for the case of the step
cylinders indicate that the step cylinders disrupts the vortex shedding process in the
wake, and, thus, suppressing the acoustic pressure generated during flow-excited acous-
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tic resonance. Inspired by the results of the step cylinder, a new technique was developed
and tested to suppress the acoustic resonance excitation for the case of the spirally finned
cylinders. This new technique consists of varying the fin density at different regions along
the cylinder span, but keeping the number of fins constant. The number of fins were kept
constant to maintain the heat transfer characteristics of the spirally finned cylinder. The
variation in the fin density at different regions along the span of the cylinder resulted in
a variation of the frontal area flow blockage at different regions along the cylinder. This
in turn resulted in a change of the equivalent diameter at those regions; thus mimicking
the step cylinder.
Two non-uniform fin density spirally finned cylinders were manufactured. In order to
investigate the influence of varying the fin density along the span of the spirally finned
cylinder on the vortex shedding process, near-flow measurements were performed. Sub-
sequently, the non-uniform fin density spirally finned cylinders were acoustically tested
to see its effectiveness in suppressing the generated acoustic pressure during acoustic
resonance excitation. A schematic of the non-uniform fin density spirally finned cylinder
with the important fin parameters labelled is shown in Figure 6.9. Table 6.2 lists the
dimensions of the non-uniform fin spirally finned cylinders investigated.
Table 6.2: Dimensions of the dual diameter cylinders investigated in this study. All
dimensions are listed in millimeters (mm).
L Lcen Dr Df t tc1 tc2 p1 p2 s1 s2 Dc(mid) Dc(side) Dc(avg)
Non-uniform I 127 58.4 12.7 38.1 0.635 4 2.20 14 6.68 10.0 4.48 19.9 21.2 20.4
Non-uniform II 127 46.2 12.7 38.1 0.635 2.41 3.73 7.51 12.7 5.1 8.97 20.9 20.0 20.2
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Figure 6.9: Schematic drawing of a non-uniform fin density spirally finned cylinder
6.2.1 Near-Wake Flow Characteristics of a Non-Uniform Fin
Density Spirally Finned Cylinder
Figure 6.10 shows the cross-wake velocity profiles for the non-uniform fin density spirally
finned cylinder compared to a uniform fin density spirally finned cylinder, Finned Cylin-
der II. Finned Cylinder II was chosen for comparison as it has the same number of fins,
as well as the same average modified equivalent diameter (Dc(avg)) as the non-uniform fin
density spirally finned cylinders. The cross-wake velocity profiles shown in Figure 6.10
were performed at the center of the cylinder (Z/Dc(avg) = 0) and at the side of the cylin-
der (Z/Dc(avg) = 2.25). The measurements were performed at different regions across
the span of the cylinder in order to see how the flow develops at the different fin spacing
regions. It can be seen from Figure 6.10(a), that varying the fin spacing across the span
of the finned cylinder causes a significant increase in the mean velocity deficit. Shown
in Figure 6.10(b), the peak overall turbulence intensity in the case of the non-uniform
fin density spirally finned cylinders is comparable to Finned Cylinder II. However, the
overall turbulence intensity measured along the wake centerline is considerably lower in
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the case of the non-uniform fin density spirally finned cylinders. The results shown in
Figure 6.10(a) and Figure 6.10(b) are indicative to an elongated vortex formation length
in the case of the non-uniform fin density spirally finned cylinders. The most notable
change in the near-wake flow structure after varying the fin spacing is the vortex shed-
ding strength. As shown in Figure 6.10(c), varying the fin spacing across the span of the
finned cylinder resulted in a substantial decrease in the turbulence intensity measured at
the vortex shedding frequency.
Comparing the velocity profiles measured at the different fin spacing regions, though
not really apparent, some variations were observed. In both the non-uniform fin den-
sity spirally finned cylinder cases, the velocity measurements performed at the cylinder
sides, showed to exhibit the weaker vortex shedding development. Between the two non-
uniform fin density spirally finned cylinders, Non-uniform I is shown to cause a slightly
larger disturbance compared to Non-uniform II. The reason for this could be attributed
to the slightly larger difference in the step between the different fin spacing regions in the
case of Non-uniform I. As has been shown in Figure 6.2, for the case of the step cylin-
ders, the step size (Dcen/Dside) showed to be the significant factor in suppressing the
vortex shedding process. For the case of the step cylinders, the disturbance in the vortex
shedding process was associated with the lateral wake expansion from the larger cylinder
diameter to the smaller cylinder diameter. This was a result of shear layer formation and
separation from the side of the larger cylinder diameter. In the case of the non-uniform
fin density spirally finned cylinders, the disturbance in the vortex shedding process is
likely to do with an increase in the number of vortex dislocations occuring during the
early stages of vortex shedding development. Small changes in the vortex shedding fre-
quency along the span of the cylinder increases the frequency of vortex dislocations;
resulting in a rapid decay in the fluctuating energy, as well as large-scale distortion of
the vortex structure as they progress downstream [81]. This can be seen in the spanwise
flow correlation measurements. As shown in Figure 6.11, varying the fin density along
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Figure 6.10: Non-uniform fin density spirally finned cylinder normalized velocity profiles
of (a) Mean velocity deficit (b) Overall turbulence intensity (c) Turbulence intensity at
the vortex shedding frequency; performed at the Center Region (Z/Dc(avg) = 0), and
the Side Region (Z/Dc(avg) = 2.25). The measurements were performed at ReDc(avg) =
3.5× 104 at a downstream distance of X/Dc(avg) = 2.5
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Figure 6.11: Non-uniform fin density spirally finned cylinder Spanwise flow coherence
compared against a uniform fin density spirally finned cylinder (Finned Cylinder II).
Measurements performed at a transverse position that gave the highest transverse cor-
relation and measured at a downstream distance of X/Dc(avg) = 2.50 and ReDc(avg) =
3.5× 104
the spirally finned cylinder’s span, as shown for the case of the non-uniform fin density
spirally finned cylinders, results in a less coherent vortex shedding process. In the case
of Non-uniform I, because of the slightly larger step between the different fin spacing
regimes, the variations in the vortex shedding frequency are larger, resulting in an in-
crease in the number of vortex dislocations. This will lead to a weaker and less coherent
vortex shedding process.
Figure 6.12 shows a contour map of the Strouhal number measured along the X−Z
plane for the case of Non-uniform I. The Strouhal measurements were performed at the
same transverse position where the spanwise correlation measurements were performed.
As observed in Figure 6.12, the Strouhal number measured closest to Non-uniform I is
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around StDc(avg) ≈ 0.2. However, as flow progress downstream, there is a clear decrease
in the Strouhal number. The decrease in the Strouhal number is indicative to a disrupted
vortex shedding process [52]. The disturbance in the vortex shedding process is likely
triggered by premature vortex dislocations in the early stages of vortex development.
Comparing the Strouhal contour map of Non-uniform I to that of the step cylinder (refer
to Figure 6.5), it is clear that the near-wake flow characteristics differs between the two
cases. This further strengthens the argument that the disturbance in the vortex shedding
development in the wake of the non-uniform fin density spirally finned cylinders is not
due to the lateral wake expansion as shown for the case of the step cylinders, but simply,
as a result of increase in the frequency of vortex dislocations in the near-wake; essentially
suppressing the vortex shedding process.
6.2.2 Aeroacoustic Response of a Non-Uniform Fin Density
Spirally Finned Cylinder
Figure 6.13 shows a three-dimensional waterfall plot of the acoustic pressure spectra for
the non-uniform fin density spirally finned cylinder (Non-uniform I) compared against a
uniform fin density spirally finned cylinder (Finned Cylinder II). As shown in Figure 6.13,
it is clear that varying the fin spacing along the span of the finned cylinder substantially
attenuates the acoustic pressure generated during resonance as compared to a uniform fin
density spirally finned cylinder with the same number of fins. To further show this, the
aeroacoustic response of the non-uniform fin density spirally finned cylinders compared
to Finned Cylinder II is shown in Figure 6.14. It can be seen that the onset of flow-
excited acoustic resonance in the case of Finned Cylinder II is slightly earlier than that
of the non-uniform fin density spirally finned cylinders. However, the generated acoustic
pressure during acoustic resonance excitation for the cases of the non-uniform fin density
spirally finned cylinder are greatly suppressed compared to Finned Cylinder II. From a
peak acoustic pressure of 200 Pa in the case of Finned Cylinder II, the non-uniform fin
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Figure 6.12: Strouhal number contour map for the case of the non-uniform fin density
spirally finned cylinder (Non-uniform I) performed at Y/Dc(avg) = 1.25, and at ReDc(avg)
= 3.5× 104
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density spirally finned cylinders reduces the acoustic pressure by at least 85%. These
results remarkably show that by simply varying the fin spacing at different regions along
the finned cylinder’s span can result in a significant reduction in the generated sound
level during acoustic resonance excitation.
What is also observed in Figure 6.14 is the large lock-in width in the cases of the
non-uniform fin density spirally finned cylinder. In all the uniform fin density spirally
finned cylinder cases, the lock-in width during acoustic resonance excitation were much
narrower than the bare cylinders. The question is, why do the non-uniform fin density
spirally finned cylinders exhibit a larger lock-in width as compared to the uniform fin den-
sity spirally finned cylinders? To develop the aeroacoustic response figures, the acoustic
pressure at the vortex shedding frequency is manually extracted from the acoustic pres-
sure spectra. In the case of the uniform fin density spirally finned cylinders, keeping track
of the vortex shedding peak was not difficult. This is because in all cases, the energy
is mostly concentrated at the vortex shedding frequency. However, in the case of the
non-uniform fin density spirally finned cylinders, the energy is not concentrated at the
vortex shedding frequency, but dispersed over a large frequency range. This is especially
the case after exiting the lock-in region, where the mean stream turbulent buffeting is
high. Thus, the lock-in width in the case of the non-uniform fin density spirally finned
cylinders may be misrepresented.
6.3 Summary and Conclusion
This chapter looked into developing a simple noise control technique to suppress the onset
of flow-excited acoustic resonance. The noise control technique consists of varying the
diameter across the span of a cylinder. To investigate the feasibility of this technique,
dual diameter cylinders with different parameters were developed and investigated. It was
found that the dual diameter cylinders are effective in suppressing the acoustic pressure
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(a)
(b)
Figure 6.13: 3D waterfall plot of the acoustic pressure spectra for (a) Finned Cylinder II
(b) Non-uniform I
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Figure 6.14: Aeroacoustic respones of non-uniform fin density spirally finned cylinder
compared to uniform fin density spirally finned cylinder with the same number of fins
(Finned Cylinder II)
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during flow-excited acoustic resonance. From the flow measurements, it was found that
the dual diameter cylinders generate vortices with different shedding frequencies across
its span. When the shedding frequencies interact, they cause a disturbance in the flow
field, which hinders the development of the vortex shedding process. The interaction
between the two different shedding frequencies resulted from the lateral expansion of the
wake from the larger cylinder diameter to the smaller cylinder diameter. The lateral wake
expansion resulted due to shear layer formation and separation from the sides of the larger
cylinder diameter. The parameter that showed to have the largest influence on the wake
development and consequently on the suppression of the acoustic pressure during flow-
excited acoustic resonance was the step size (Dcen/Dside). It was shown that an increase in
the step size increased the suppression effect. Inspired by the results of the dual diameter
cylinder, the technique of varying the diameter across the cylinder was applied to the
spirally finned cylinders. This was done by varying the fin densities at different regions
across the span of the spirally finned cylinder, creating a non-uniform fin density spirally
finned cylinder. Similar to what was observed from the dual diameter cylinders, the
non-uniform fin density spirally finned cylinders showed to result in a large attenuation
in the generated acoustic pressure during flow-excited acoustic resonance. This was
also attributed to the introduction of multiple shedding frequencies due to varying fin
densities across the span of the non-uniform fin density spirally finned cylinder. In this
case, the difference in the shedding frequencies at different regions across the span of the
non-uniform fin density spirally finned cylinder may have resulted due to an increase in
the frequency of vortex dislocations in the early stages of vortex development.
Chapter 7
Conclusion
7.1 Summary and Conclusion
In this thesis, the flow-sound interaction mechanism of spirally finned cylinders in cross-
flow was examined. In order to properly investigate the vortex shedding process in the
near-wake of the finned cylinders, an equivalent diameter must be utilized in order to
effectively represent the diameter of the finned cylinders exposed to cross-flow. It has
been shown that different equivalent diameter equations presented in the literature were
not adequate in characterizing the equivalent diameter of the crimped spirally finned
cylinders. This is because the fin crimps create a larger flow blockage, which were not
accounted for in the equivalent diameter equation presented in the literature. Therefore,
in this thesis, a modified equivalent diameter equation was proposed. It was found that
the modified equivalent diameter equation presented in this thesis, not only effectively
estimated the vortex shedding frequency emitting from the finned cylinders, but also
captured the pressure drop caused by the addition of the fin crimps.
The flow field measurements showed that the addition of spiral fins disrupted the
vortex shedding process. It was also found that the addition of fins led to an increase
in the mean velocity deficit and reduction in the overall turbulence levels in the finned
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cylinder’s wake. Moreover, it was found that the addition of fins induce an earlier shear
layer separation and, in general, led to an enlargement in the wake width. The early shear
layer separation resulted in the separated flow to be convected downstream, causing the
vortices to form further away from the cylinder base. Decrease in the fin spacing, due to
the increase in the fin density, resulted in a progressive reduction in the mean velocity
deficit and a gradual increase in the overall turbulence level. Moreover, with reductions
in the fin spacing, it was found that the turbulence intensity became more concentrated
at the vortex shedding frequency, resulting in an increase in the strength and coherence
of the vortex shedding process. Furthermore, it was found that the reduction in the fin
density also led to a decrease in the vortex formation length. These measurements were
repeated at different Reynolds number. In the case of the bare cylinder, the near-wake
flow characteristics was found to be dependent on the Reynolds number. In the case of
the finned cylinders however, the wake characteristics did not change with changes in
the Reynolds number. This therefore suggests that the fins have a greater influence on
modulating the flow development in the wake than the Reynolds number.
The effect of the spirally finned cylinder’s angular orientation with respect to flow was
also investigated. In the case of the crimped spirally finned cylinders, the vortex shedding
process was shown to be influenced by its angular orientation. This was attributed to
the location of the fins as well as the fin crimps, which changed in axial position along
the crimped spirally finned cylinders’ span. The reason for this was due to alterations
in the points of shear layer separation along the crimped spirally finned cylinders span,
as a result of changes in the fins and fin crimps’ axial position. In the case of the non-
crimped spirally finned cylinder, no changes were shown to occur in the vortex shedding
process at different angular orientations. Although some variations in the streamwise
measurements were observed, the overall vortex shedding process remained unchanged.
This is due to the repeating nature of the vortex shedding structure along its span.
During flow-excited acoustic resonance, it was observed that the acoustic pressure
Chapter 7. Conclusion 147
increases with decreases in the fin spacing. However, the acoustic pressure generated
during flow-excited acoustic resonance for all the spirally finned cylinders was shown
to be lower than that of the bare cylinder. Moreover, the lock-in width of the spirally
finned cylinders was found to be significantly narrower than that of the bare cylinder.
The narrower lock-in width and attenuated sound pressure during flow-excited acoustic
resonance was attributed to the elongated vortex formation length, and disrupted vortex
shedding process, as well as an increased disturbance in the acoustic field. The increased
disturbance in the acoustic field was attributed to the inclination of the acoustic particle
velocity due to the helical nature of the spiral fins. This prevented the vortex shedding
process from properly locking-in to the duct’s acoustic modes. The inclination of the
acoustic particle velocity was shown to deviate along the spiral fins, which suggests that
the deviation in the acoustic particle velocity is proportional to the lead angle of the fins.
Therefore, spirally finned cylinders that exhibit a larger lead angle (i.e. larger fin spacing)
cause a larger disturbance to the acoustic field. An elongation in the vortex formation
length causes the flow-acoustic coupling to occur further downstream from the cylinder
base, which is the region of maximum acoustic particle velocity. This would result in a
weaker coupling between the flow field and acoustic field. The combination in a weaker
acoustic field and delayed flow-acoustic coupling leads to a narrower lock-in width, and,
therefore, lower acoustic pressure generated during flow-excited acoustic resonance for
the case of the spirally finned cylinders.
The generated acoustic pressure during flow-excited acoustic resonance was found to
be dependent upon the angular orientation of the crimped spirally finned cylinders. The
reason for this is because at different angular orientations, the strength and coherence
of the vortex shedding process changed, affecting the generated acoustic pressure during
flow-excited acoustic resonance. In the case of the non-crimped spirally finned cylinder,
the generated acoustic pressure did not change with changes in its angular orientation.
This is because the generated vortex shedding process in its wake is independent of its
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angular orientation.
In the final part of this study, a noise control technique was developed to suppress
the acoustic pressure generated during flow-excited acoustic resonance. The noise control
technique consists of varying the diameter across the span of the cylinder. This can be
done by physically changing the diameter, as shown for the case of the dual diameter
(step) cylinder, or for the case of the finned cylinder, varying the fin spacing along its
span. Both techniques showed to suppress the acoustic pressure generated during acoustic
resonance excitation. The attenuation in the sound level during flow-excited acoustic
resonance in both cases, were attributed to the disruption in the vortex shedding process.
In the case of the step cylinders, disturbance in the vortex shedding process resulted due
to the lateral wake expansion from the larger cylinder diameter to the smaller cylinder
diameter. In the case of the non-uniform fin cylinders, the suppression in the acoustic
pressure was a result of increasing the frequency of vortex dislocations in the wake. This
resulted due to the variation in the vortex shedding frequency at the different fin spacing
regions along the span of the non-uniform finned cylinder.
7.2 Research Contributions
The thesis herein presents an advancement in the understanding of the complex flow-
sound interaction mechanism of spirally finned cylinders in cross-flow. In order to achieve
this advancement, extensive experimental investigations were performed. The following
lists the contributions made from the experimental investigations performed throughout
the work of this thesis:
(i) A modified equivalent diameter equation was developed in order to better estimate
the vortex shedding frequency propagating in the wake of the crimped spirally
finned cylinder. Additionally, the modified equivalent diameter equation showed
to effectively capture the static pressure drop caused by the addition of spiral fins
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with crimps. The modified equivalent diameter equation presented in this thesis
can therefore be used to aid in the development of industrial heat exchangers.
(ii) The flow field in the near-wake of the spirally finned cylinders were thoroughly
quantified. This was achieved by measuring the vortex formation length, as well
as performing planar velocity measurements to visualize the flow field. Spanwise
flow correlation measurements were also performed in order to better understand
vortex shedding development along the span of the finned cylinders. These measure-
ments were performed at different Reynolds number as well as at various angular
orientations.
(iii) The aeroacoustic response of spirally finned cylinders were characterized during
flow-excited acoustic resonance, and compared against their corresponding equiv-
alent diameter bare cylinder. These measurements were performed at different
angular orientations. The results obtained from the aeroacoustic response measure-
ments were correlated with what has been observed from the near-wake flow field
measurements.
(iv) A three-dimensional simulation of the acoustic particle velocity field surrounding the
bare and spirally finned cylinder whilst enclosed within a duct was also performed.
This was done to visualize the surrounding acoustic field around the cylinders, in
order to better understand their influence on the generated sound pressure during
flow-excited acoustic resonance.
(v) A simple noise control technique that can be utilized in the heat exchanger industry
to suppress the acoustic pressure generated during flow-excited acoustic resonance
or flow-induced vibrations in heat exchangers.
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7.3 Recommendations for Future Work
The work presented in this thesis covers the flow-sound interaction mechanism for a sin-
gle spirally finned cylinder exposed to cross-flow. The reason only a single spirally finned
cylinder was investigated as opposed to a complete heat exchanger, is to better under-
stand the individual effects of the spirally finned cylinders with certain fin parameters
on the overall flow field, and the resultant sound generated during acoustic resonance
excitation. These investigations were not found in the literature. However, this investi-
gation was limited to the effect of the spirally finned cylinders fin spacing. It is therefore
recommended that other finning parameters such as the effect of fin height, thicknesses,
root diameter, and aspect ratio, should be investigated. Moreover, because the purpose
of this field of research is to advance the knowledge of flow-excited acoustic resonance
occurring in heat exchanger tube bundles, it is also recommended that the work in this
thesis is extended to an array of finned cylinders. This can include investigating the effect
of spirally finned cylinders in tandem, side-by-side, staggered, and in-line arrangements.
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7.4 Supporting Publications
7.4.1 Journal Articles
(i) Alziadeh M., and Mohany A., Flow-Sound Interaction Mechanism of a Single Spi-
rally Finned Cylinder in Cross-Flow, Experiment in Fluids, (submitted), 2017.
(ii) Alziadeh M., and Mohany A., Noise Control Technique for Suppressing Acoustic
Resonance Excitation for Spirally Finned Cylinders in Cross-Flow, Journal of Pres-
sure Vessel Technology, (in progress), 2017.
7.4.2 Refereed Conference Proceedings
(i) Alziadeh M., and Mohany A., Aeroacoustic Response of Spirally Finned Cylinders
in Cross-Flow, 11th International Conference on Flow-Induced Vibration, Nether-
lands, 2016.
(ii) Alziadeh M., and Mohany A., Effect of Vortex Formation Length on Flow-Excited
Acoustic Resonance for a Single Spirally Finned Cylinder in Cross-Flow, Acoustics
Week in Canada 2017.
Bibliography
[1] Alziadeh, M., Bouzidi, S.E., Mohany, A., Hassan, M.: Numerical and experimen-
tal characterisation of the dynamic behaviour of a passenger aircraft seat during
a takeoff condition. International Journal of Heavy Vehicle Systems 22(1), 21–41
(2015)
[2] Anderson, B., Hassan, M., Mohany, A.: Modelling of fluidelastic instability in a
square inline tube array including the boundary layer effect. Journal of Fluids and
Structures 48, 362–375 (2014)
[3] Arafa, N., Mohany, A.: Aeroacoustic response of a single cylinder with straight
circular fins in cross-flow. Journal of Pressure Vessel Technology 137(5), 051,301
(2015)
[4] Arafa, N., Mohany, A.: Flow-excited acoustic resonance of isolated cylinders in
cross-flow. Journal of Pressure Vessel Technology 138(1), 011,302 (2016)
[5] Arafa, N., Tariq, A., Mohany, A., Hassan, M.: Effect of cylinder location inside
a rectangular duct on the excitation mechanism of acoustic resonance. Canadian
Acoustics 42(1), 33–40 (2014)
[6] Blackburn, H.: Effect of blockage on spanwise correlation in a circular cylinder wake.
Experiments in fluids 18(1), 134–136 (1994)
152
BIBLIOGRAPHY 153
[7] Blevins, R.: The effect of sound on vortex shedding from cylinders. Journal of Fluid
Mechanics 161, 217–237 (1985)
[8] Blevins, R., Bressler, M.: Acoustic resonance in heat exchanger tube bundles - part i:
Physical nature of the phenomenon. Journal of Pressure Vessel Technology 109(3),
275–281 (1987)
[9] Blevins, R., Bressler, M.: Acoustic resonance in heat exchanger tube bundles - part
ii: Prediction and suppression of resonance. Journal of Pressure Vessel Technology
109(3), 282–288 (1987)
[10] Blevins, R., Bressler, M.: Experiments on acoustic resonance in heat exchanger tube
bundles. Journal of Sound and Vibration 164(3), 503–533 (1993)
[11] Bloor, M.S.: The transition to turbulence in the wake of a circular cylinder. Journal
of Fluid Mechanics 19(02), 290–304 (1964)
[12] Bloor, M.S., Gerrard, J.: Measurements on turbulent vortices in a cylinder wake.
In: Proceedings of the Royal Society of London A: Mathematical, Physical and
Engineering Sciences, vol. 294, pp. 319–342. The Royal Society (1966)
[13] Brevoort, M.J., Rollin, V.G.: Air flow around finned cylinders (1937)
[14] Cattafesta, L., Williams, D., Rowley, C., Alvi, F.: Review of active control of flow-
induced cavity resonance. AIAA paper 3567, 2003 (2003)
[15] Chen, Y.: Frequency of the karman vortex streets in tube banks. The Aeronautical
Journal 71(675), 211–214 (1967)
[16] Chyu, C.K., Rockwell, D.: Near-wake flow structure of a cylinder with a helical
surface perturbation. Journal of fluids and structures 16(2), 263–269 (2002)
BIBLIOGRAPHY 154
[17] Ciloglu, H., Alziadeh, M., Mohany, A., Kishawy, H.: Assessment of the whole body
vibration exposure and the dynamic seat comfort in passenger aircraft. International
Journal of Industrial Ergonomics 45, 116–123 (2015)
[18] Curle, N.: The influence of solid boundaries upon aerodynamic sound. In: Pro-
ceedings of the Royal Society of London A: Mathematical, Physical and Engineering
Sciences, vol. 231, pp. 505–514. The Royal Society (1955)
[19] Eid, M., Ziada, S.: Vortex shedding and acoustic resonance of single and tandem
finned cylinders. Journal of Fluids and Structures 27(7), 1035–1048 (2011)
[20] El Baroudi, M.Y.: Measurement of two-point correlations of velocity near a circular
cylinder shedding a karman vortex street. Tech. rep., University of Toronto (1960)
[21] Etkin, B., Korbacher, G., Keefe, R.: Acoustic radiation from a stationary cylinder
in a fluid stream (aeolian tones). The Journal of the Acoustical Society of America
29(1), 30–36 (1957)
[22] Fujita, H.: The characteristics of the aeolian tone radiated from two-dimensional
cylinders. Fluid dynamics research 42(1), 015,002 (2010)
[23] Gerrard, J.: The mechanics of the formation region of vortices behind bluff bodies.
Journal of Fluid Mechanics 25(02), 401–413 (1966)
[24] Gerrard, J.: The wakes of cylindrical bluff bodies at low reynolds number. Philo-
sophical Transactions of the Royal Society of London A: Mathematical, Physical
and Engineering Sciences 288(1354), 351–382 (1978)
[25] Hamakawa, H., Adachi, T., Matsuoka, H., Hosokai, K., Nishida, E., Kurihara, E.,
Hayashi, H.: Aeolian tone radiated from a circular cylinder with solid spiral fin
in cross flow. Journal of Fluid Science and Technology 9(3), JFST0053–JFST0053
(2014)
BIBLIOGRAPHY 155
[26] Hamakawa, H., Fukano, T., Nishida, E., Aragaki, M.: Vortex shedding from a circu-
lar cylinder with fin. In: 7th AIAA/CEAS Aeroacoustics Conference and Exhibit,
p. 2215 (2001)
[27] Hamakawa, H., Ito, Y., Kamo, R., Nishida, E.: Effect of helical strakes around a
finned tube on aeolian tone. In: ASME-JSME-KSME 2011 Joint Fluids Engineering
Conference, pp. 2107–2115. American Society of Mechanical Engineers (2011)
[28] Hamakawa, H., Kouno, Y., Nishida, E.: Effect of fins on vortex shedding noise gen-
erated from a circular cylinder in cross flow. In: ASME 2010 3rd Joint US-European
Fluids Engineering Summer Meeting collocated with 8th International Conference
on Nanochannels, Microchannels, and Minichannels, pp. 745–756. American Society
of Mechanical Engineers (2010)
[29] Hanson, R., Mohany, A., Ziada, S.: Flow-excited acoustic resonance of two side-by-
side cylinders in cross-flow. Journal of Fluids and Structures 25(1), 80–94 (2009)
[30] Hassan, M., Mohany, A.: Numerical characterization of flow-induced vibration and
fretting wear potential in nuclear steam generators tube bundles. In: ASME Pressure
Vessels and Piping Conference, July, pp. 17–21 (2011)
[31] Hassan, M., Mohany, A.: Simulations of fluidelastic forces and fretting wear in u-
bend tube bundles of steam generators: effect of tube-support conditions. J Wind
Struct accepted (2016)
[32] Hirota, K., Nakamura, T., Kikuchi, H., Isozaki, K., Kawahara, H.: Fluidelastic
and vortex induced vibration of a finned tube array. In: ASME 2002 International
Mechanical Engineering Congress and Exposition, pp. 729–735. American Society of
Mechanical Engineers (2002)
[33] Howe, M.: The dissipation of sound at an edge. Journal of Sound and Vibration
70(3), 407–411 (1980)
BIBLIOGRAPHY 156
[34] Khashehchi, M., Abdi, I.A., Hooman, K., Roesgen, T.: A comparison between
the wake behind finned and foamed circular cylinders in cross-flow. Experimental
Thermal and Fluid Science 52, 328–338 (2014)
[35] Kinsler, L.E., Frey, A.R., Coppens, A.B., Sanders, J.V.: Fundamentals of acoustics.
Fundamentals of Acoustics, 4th Edition, by Lawrence E. Kinsler, Austin R. Frey,
Alan B. Coppens, James V. Sanders, pp. 560. ISBN 0-471-84789-5. Wiley-VCH,
December 1999. p. 560 (1999)
[36] Lienhard, J.H.: Synopsis of lift, drag, and vortex frequency data for rigid circular
cylinders, vol. 300. Technical Extension Service, Washington State University (1966)
[37] Lighthill, M.J.: On sound generated aerodynamically. i. general theory. In: Pro-
ceedings of the Royal Society of London A: Mathematical, Physical and Engineering
Sciences, vol. 211, pp. 564–587. The Royal Society (1952)
[38] Lin, J.C., Towfighi, J., Rockwell, D.: Instantaneous structure of the near-wake of a
circular cylinder: on the effect of reynolds number. Journal of Fluids and Structures
9(4), 409–418 (1995)
[39] Lumsden, R.H., Weaver, D.S.: The effect of fins on fluidelastic instability in in-
line and rotated square tube arrays. Journal of Pressure Vessel Technology 132(5),
051,302 (2010)
[40] Mair, W., Palmer, R.: Vortex shedding from finned tubes. Journal of Sound and
Vibration 39(3), 293–296 (1975)
[41] McClure, J., Yarusevych, S.: Vortex shedding and structural loading characteristics
of finned cylinders. Journal of Fluids and Structures 65, 138–154 (2016)
[42] Mohany, A.: self-excited acoustic resonance of isolated cylinders in cross-flow. Nu-
clear Review 1(1), 45–55 (2014)
BIBLIOGRAPHY 157
[43] Mohany, A., Arthurs, D., Bolduc, M., Hassan, M., Ziada, S.: Numerical and exper-
imental investigation of flow-acoustic resonance of side-by-side cylinders in a duct.
Journal of Fluids and Structures 48, 316–331 (2014)
[44] Mohany, A., Hassan, M.: Modelling of fuel bundle vibration and the associated
fretting wear in a candu fuel channel. Nuclear Engineering and Design 264, 214–
222 (2013)
[45] Mohany, A., Janzen, V.: Flow-induced vibration and fretting-wear performance of
candu steam generator u-tubes: Instrumentation. ASME Paper No. PVP2009-78076
(2009)
[46] Mohany, A., Janzen, V.P., Feenstra, P., King, S.: Experimental and numerical
characterization of flow-induced vibration of multispan u-tubes. Journal of Pressure
Vessel Technology 134(1), 011,301 (2012)
[47] Mohany, A., Ziada, S.: Flow-excited acoustic resonance of two tandem cylinders in
cross-flow. Journal of Fluids and Structures 21(1), 103–119 (2005)
[48] Mohany, A., Ziada, S.: Numerical simulation of the flow-sound interaction mecha-
nisms of a single and two-tandem cylinders in cross-flow. Journal of Pressure Vessel
Technology 131(3), 031,306 (2009)
[49] Mohany, A., Ziada, S.: A parametric study of the resonance mechanism of two tan-
dem cylinders in cross-flow. Journal of Pressure Vessel Technology 131(2), 021,302
(2009)
[50] Mohany, A., Ziada, S.: Measurements of the dynamic lift force acting on a circular
cylinder in cross-flow and exposed to acoustic resonance. Journal of Fluids and
Structures 27(8), 1149–1164 (2011)
BIBLIOGRAPHY 158
[51] Mohany, A.M.: Flow-sound interaction mechanisms of a single and two tandem
cylinders in cross-flow. ProQuest (2007)
[52] Morton, C., Yarusevych, S.: An experimental investigation of flow past a dual step
cylinder. Experiments in fluids 52(1), 69–83 (2012)
[53] Morton, C., Yarusevych, S.: On vortex shedding from low aspect ratio dual step
cylinders. Journal of Fluids and Structures 44, 251–269 (2014)
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[78] Ünal, U.O., Atlar, M.: An experimental investigation into the effect of vortex gen-
erators on the near-wake flow of a circular cylinder. Experiments in Fluids 48(6),
1059–1079 (2010)
[79] West, G., Apelt, C.: Measurements of fluctuating pressures and forces on a circular
cylinder in the reynolds number range 104 to 2· 5× 105. Journal of Fluids and
Structures 7(3), 227–244 (1993)
[80] West, G., Apelt, C.: Fluctuating lift and drag forces on finite lengths of a circular
cylinder in the subcritical reynolds number range. Journal of Fluids and Structures
11(2), 135–158 (1997)
[81] Williamson, C.: The natural and forced formation of spot-like vortex dislocations in
the transition of a wake. Journal of Fluid Mechanics 243, 393–441 (1992)
[82] Williamson, C.H.: Vortex dynamics in the cylinder wake. Annual review of fluid
mechanics 28(1), 477–539 (1996)
[83] Zdravkovich, M.: Review and classification of various aerodynamic and hydrody-
namic means for suppressing vortex shedding. Journal of Wind Engineering and
Industrial Aerodynamics 7(2), 145–189 (1981)
[84] Zdravkovich, M.: Flow around circular cylinders; vol. i fundamentals. Journal of
Fluid Mechanics 350(1), 377–378 (1997)
[85] Zhang, H.Q., Fey, U., Noack, B.R., König, M., Eckelmann, H.: On the transition of
the cylinder wake. Physics of Fluids 7(4), 779–794 (1995)
[86] Ziada, S., Jebodhsingh, D., Weaver, D., Eisinger, F.: The effect of fins on vortex
shedding from a cylinder in cross-flow. Journal of Fluids and Structures 21(5),
689–705 (2005)
BIBLIOGRAPHY 162
[87] Ziada, S., Ng, H., Blake, C.: Flow excited resonance of a confined shallow cavity in
low mach number flow and its control. Journal of fluids and structures 18(1), 79–92
(2003)
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